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Summary 
There were three focuses for this thesis: (1) the effects of nanocluster forming 
parameter on the size, shapes and microstructures of FePt nanoparticles, (2) the effects of 
in-situ/on-line heating on the microstructures and magnetic properties of FePt particles 
and (3) the effects of SiO2 matrix and post-deposition annealing on the microstructures 
and magnetic properties of FePt-SiO2 nanocomposite films. 
 
The effects of nanocluster forming parameters on the particle size, shapes and 
microstructure were studied by TEM. TEM techniques such as bright field, dark field, 
weak beam dark field and high-resolution imaging were used to resolve the three-
dimensional (3-D) microstructures of FePt nanoparticles. Particles produced at a higher 
cooling temperature in the growth chamber (-100 °C) were smaller icosahedron, whereas 
particles produced at a lower cooling temperature (-170 ºC) had broad size distribution 
and different microstructures such as fcc single crystals (cubooctahedron, cubooctahedra, 
truncated octahedron, octahedron and truncated tetrahedron/truncated bi-tetrahedron), 
cyclic twinning microstructures/polytetrahedron particles (icosahedron, decahedron, 
Marks decahedron, star decahedron and truncated icosahedron/bi-icosahedron), lamellar 
twinning microstructures (platelet and rod microstructures), defective microstructures 
(twin junctions and faulted truncated octahedron) and poly-particles (incomplete 
coalescence of particles). 
 
The final microstructures of FePt nanoparticles were mostly affected by kinetics 
rather than thermodynamics. Cooling temperature of growth chamber, supersaturation, 
cooling rate, surface energy or interface energy, strain, stacking faults, cluster growth 
mode, growth kinetics and size of particles were the factors that affected the final 
v 
 microstructures. The final microstructures may not be the most thermodynamically stable 
but were those that could be accessed by certain kinetics at the local minimum. 
 
L10 FePt is a potential candidate for magnetic recording. To produce the L10 phase in 
the gas phase (which can prevent grain growth and agglomeration), an on-line heating 
setup was used and the effects of on-line heating were investigated using TEM, XRD and 
AGFM. From the magnetic and microstructural data, the degree of chemical ordering was 
not high. The possible explanation may be the inefficiency of nanoparticles of the size 3-
15 nm to absorb the energy in a short time in the on-line annealing chamber. Besides, the 
transformation from icosahedron particles into decahedron or fcc single crystal and 
decahedron into fcc single crystal may compete with the ordering process.  
 
Lastly, to use the L10 FePt for practical application, the granular films where particles 
embedded in SiO2 matrix were produced. The size of FePt nanoparticles and its volume 
concentration were controlled independently for the as-deposited film. However, post-
deposition annealing process affected the final microstructures and magnetic properties of 
FePt-SiO2 nanocomposites, which then depended on annealing time, annealing 
temperature and volume fraction of SiO2.    
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Chapter 1 Introduction 
 
Chapter 1 Introduction 
1.1 Background 
The storage density of hard disk drive, i.e. the areal density (number of bits/unit 
area), has been increasing by continuous reduction of the size of read-write head, the 
recording bit size of magnetic recording media, the thickness of media and the head to 
media spacing. The commercialized magnetic recording media are basically thin film 
media that are made up of small and magnetically decoupled or weakly coupled single 
domain magnetic grains that switch with magnetic field independently. The signal of 
a bit is achieved by statistically average over hundred of grains.1 The signal-to-noise 
ratio (SNR) is , where N is the number of grains per recording bit. To 
maintain the constant SNR, the grain size needs to be smaller with increasing areal 
density. However, as pointed out by Charap et. al,
LogN10~
2 and Weller et. al,3 the continuous 
growth of areal density of longitudinal magnetic recording (LMR) media was limited 
by the thermally assisted spontaneous magnetization reversal process known as 
superparamagnetic effect. To delay the onset of this limitation, high 
magnetocrystalline anisotropy energy/constant (Ku) materials are required.  
 
1.2 Research status and problem statements of iron-platinum (FePt) 
media 
L10 or face-centered tetragonal (fct) phase FePt is a potential candidate for 
ultrahigh density magnetic recording due to its high Ku (~ 7 × 107 erg/cm3), which can 
allow thermally stable grains down to 3 nm. 4  However, it is a challenge for 
conventional sputtering technology used in mass production to fabricate magnetic thin 
1 
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films with a small size distribution when the grain size is below 5 nm. Sun et. al 
reported solution phase method (chemical route) to synthesize FePt nanoparticles with 
size < 5 nm and size distribution of 5%.5 However, post-deposition annealing was 
required to transform soft magnetic face-centered cubic (fcc) phase into hard magnetic 
fct phase. Unfortunately, this would lead to undesirable grain growth and increase in 
exchange coupling.6
 
Besides the small and uniform grain size requirements, decoupling between 
magnetic grains is another criterion for magnetic recording media. This can be 
achieved by using a non-magnetic matrix to physically isolate the FePt nanoparticles. 
By using conventional sputtering technology with suitable volume fraction of non-
magnetic matrix such as silicon dioxide (SiO2), intergranular interaction between FePt 
nanoparticles can be reduced and agglomeration or grain growth of FePt during post-
deposition annealing can be simultaneously prevented.7, 8
 
Conventionally, magnetic nanocomposites were produced either by co-deposition 
(granular) or sequential deposition of alternating layers of magnetic materials and 
matrix materials followed by post-deposition annealing.9, 10 It is not easy to control 
the size and volume fraction of nanoparticles simultaneously using conventional 
methods. Among various methods of fabricating nanocomposites, cluster beam 
deposition (CBD) technology offers the advantage of controlling the size and size 
uniformity.11 In addition, by using size-selected clusters as building blocks and co-
deposition with another matrix material (atomic beam), the size and volume fraction 
of nanoparticles can be independently controlled. In addition, since the as-deposited 
FePt nanoclusters were fcc, it would be desirable to induce phase transformation from 
fcc phase to fct phase through in-situ/on-line annealing in gas phase (prior to 
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deposition onto substrate) to prevent grain growth and agglomeration during post-
deposition annealing.12, 13
 
Several groups have used one of the popular CBD methods- sputtering gas 
condensation (SGC), to produce FePt nanoparticles. Several areas however remained 
unclear, as follows: 
(1) Are there other factors that affect the size and size distributions of FePt 
nanoparticles besides sputtering power, argon (Ar) and helium (He) gas 
pressure or gas flow rate and growth length of growth chamber?  
(2) The microstructures of FePt nanoparticles were not fully understood. For 
example, was the 3-dimensional (3-D) microstructure of the triangular 
nanoparticles observed by Peng et. al a triangular platelet or a tetrahedron?14 
What is the real microstructure of "almost single crystal” nanoparticle 
observed by Stappert et. al?13 Are there microstructures other than icosahedron, 
decahedron, hybrid between icosahedron and decahedron, triangular particles 
and fcc single crystals? 
(3) The mechanisms of formation of nanoparticles with various microstructures 
produced by SGC were not fully understood. For example, why the FePt 
nanoparticles produced by SGC were mostly multiplied-twinned particle 
(MTP) up to the size of 6 nm whereas the predominant nanoparticles produced 
by solution phase method were mostly single crystal?15 How the triangular 
particles,14 and asymmetric decahedron16 were formed? What are the formation 
mechanisms and how are they related to the forming parameters in SGC? 
Were these microstructures the result of thermodynamics or kinetics?  
(4) Is it possible to control the easy axis of the nanoparticles produced by SGC? 
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1.3 Objectives 
There were three objectives in this research: (1) To produce and study the 
microstructures and to understand the formation mechanisms of FePt nanoparticles 
produced by SGC, (2) To study the on-line heating effects on the microstructures and 
magnetic properties of FePt nanoparticles, (3) To study the microstructures and 
magnetic properties of FePt-SiO2 nanocomposites. 
 
1.4 Methodologies and approaches 
The easy axis orientation of the assembly of FePt nanoparticles (self-organized 
magnetic array (SOMA)) produced by solution phase method was random and D. 
Weller has proposed steps to control the easy axis of FePt nanoparticles: 17  (1) 
Synthesize cubic L10 FePt nanoparticles, (2) Align them in magnetic field. Likewise, 
the L10 FePt (001) textured nanocluster assembled film can also be obtained by SGC 
through the following steps: (1) Synthesize cubic FePt nanoparticles (fcc) by SGC, (2) 
Anneal the cubic FePt nanoparticles in gas phase (on-line heating) prior to the 
deposition to induce L10 phase, (3) Align the cubic L10 FePt nanoparticles in magnetic 
field upon arrival onto the substrate, (4) Co-sputter the FePt nanoparticles with atomic 
beam (matrix materials) to reduce the exchange coupling. 
 
The sputtering power, Ar and He gas flow rates and cooling temperature of 
growth chamber were varied to explore the possibility of obtaining particles with 
different microstructures and shapes. The particles were on-line heated at different 
temperature to obtain L10 phase. The magnetic properties were investigated by 
alternating gradient force magnetometer (AGFM). The microstructures of the particles 
were studied by x-ray diffractometer (XRD) and transmission electron microscope 
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(TEM). The chemical composition was probed by energy dispersive x-ray 
spectroscopy (EDX) and inductively coupled plasma-optical emission spectrometry. 
 
1.5 Novelties 
The novelties of the research work were listed out as follows: 
(1) The effects of cooling temperature of growth chamber on the shape of FePt 
nanoparticles were studied in this research. 
(2) Thorough study of the microstructures of FePt nanoparticles by using different 
TEM techniques was carried out in this research. 
(3) The formation mechanisms of FePt nanoparticles produced by SGC with 
different shapes and microstructures were suggested. 
(4) The possible mechanisms of low degree of chemical ordering of FePt 
nanoparticles produced by SGC with on-line heating were suggested. 
(5) Detailed investigations on microstructures and magnetic properties of FePt-
SiO2 nanocomposite with different annealing time, annealing temperature and 
SiO2 volume fraction were carried out. 
 
1.6 Organization of the thesis 
This thesis is composed of 7 chapters. Chapter 1 gives a brief introduction on this 
project. In chapter 2, the literature review on the requirements for perpendicular 
magnetic recording (PMR), the processing, microstructural and magnetic properties of 
FePt nanocomposite films, SGC and the common 3-D microstructures of fcc 
nanoparticles are presented. In chapter 3, the experimental methodologies and 
working principles of SGC, XRD, AGFM, EDX and TEM are given. In chapter 4, 
TEM techniques such as bright field, dark field, weak beam dark field, HRTEM and 
Fast-Fourier Transform (FFT) pattern methods were used to resolve the 3-D shapes 
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and microstructures of the fcc nanoparticles. The effects of the cooling temperature of 
growth chamber, cooling rate, supersaturation, stacking faults, particle growth mode 
and growth kinetics on the formation of FePt nanoparticles with different shapes and 
microstructures are discussed. In chapter 5, the effects of on-line annealing on the 
microstructures and magnetic properties of FePt nanoparticles are discussed. In 
chapter 6, the microstructures and magnetic properties of FePt-SiO2 nanocomposite 
with various SiO2 volume fraction, different post-deposition annealing time and post-
deposition annealing temperature are discussed. Finally the thesis ends with a 
summary. 
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2.1 Perpendicular magnetic recording (PMR) 
2.1.1 Physical limit of longitudinal media 
The thin film media for magnetic data storage system are made up of small, 
single domain and magnetically decoupled or weakly coupled magnetic grains that 
switch with magnetic field independently.1 Current longitudinal media are cobalt-
chromium-platinum (CoCrPt) based, where the magnetizations of the recording bits 
lie in the plane of the disk. As the areal density of recording media increases and the 
grain size decreases, the media are facing superparamagnetic effect. 
Superparamagnetism occurs when the magnetic grain volume, V is so small that the 
anisotropy energy barrier KuV is too low to keep the magnetic grains thermally 
unstable (stability factor, for 10 years recording, k60/ >TkVK Bu B is the Boltzmann 
constant, T is temperature).3 In order to delay the onset of superparamagnetism, high 
Ku materials are required. The requirements for ultrahigh density magnetic recording 
media are:18
(1) High Hc  (which have high Ku), 
(2) Small grain size, 
(3) Small exchange interactions between magnetic grains. 
 
However, the usage of high Ku materials in longitudinal media was limited by the 
maximum writing field (fringing field) available by the ring head. Consequently, the 
perpendicular magnetic recording has been being developed to achieve the 
requirements for ultrahigh density magnetic recording media. 
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2.1.2 Perpendicular magnetic recording 
Perpendicular recording has been investigated since 1974, pioneered by the work 
of Iwasaki.19 The magnetic easy axis of the media lies out of plane to the disk surface 
as shown in Fig. 2.1(b). 











(b) Perpendicular recording 
Figure 2.1 Comparison between (a) longitudinal recording and (b) perpendicular 
recording. The solid arrows indicate the easy axis of each magnetic grain while 
the hollow arrows indicate the magnetization of a bit, the dashed lines indicate 
the writing field 
 
  It offers advantages such as (Refer to Fig. 2.1):20
(1) The head coupled with the soft underlayer can offer twice the writing field 
(direct field) of ring head in longitudinal recording scheme (fringing field). 
This allows the use of higher coercivity, Hc media that has higher Ku and thus 
ensures the high thermal stability factor, . TkVK Bu /
(2) The demagnetizing field stabilizes the opposite magnetizations of neighboring 
bits and thus improves the thermal stability of high-density pattern 
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(demagnetizing field destabilizes opposite magnetization of neighboring bits 
in longitudinal media). 
(3) The texture of the film is perpendicular to the film plane, which yields uniform 
easy axis orientation and thus media noise is reduced (longitudinal media has 
random easy axis orientations lying in plane).  
 
2.1.3 Magnetic materials used for PMR 
High Ku materials are ideal choices for ultrahigh density magnetic recording. 
Among them, rare-earth transition metal alloys such as samarium-cobalt (SmCo) has 
the highest Ku (11-20 × 107 erg/cm3), followed by L10 alloys such as FePt (6.6-10 × 
107 erg/cm3) and then Co alloys (0.2-2 × 107 erg/cm3). However, the corrosion 
resistance of SmCo is not as good as those alloys that contain Pt21 and thus hinders its 
application as magnetic recording media. Multi-layer media (e.g. cobalt/platinum 
(Co/Pt)n and cobalt/palladium (Co/Pd)n)) and granular thin films (CoCrPt-oxide and 
L10 FePt-oxide) were the main considerations for PMR.22 It was difficult to obtain 
small grains with high Hc and small exchange coupling in (Co/Pt)n or (Co/Pd)n 
multilayer films. Doping was used to reduce the grain size and exchange coupling. 
However, this deteriorated the magnetic anisotropy that originated from the interface 
anisotropy.  
 
CoCrPt-oxide has been used in the current PMR media production. However, it 
cannot meet future requirements of areal density beyond 500 G/in2 due to the low Ku 
of CoCrPt alloys. FePt-oxide can fulfill high Hc and small grain size requirements by 
the high Ku of FePt. In addition, oxide can serve as barrier for exchange coupling. 
Thus, this media is a potential candidate for ultrahigh density perpendicular magnetic 
recording media beyond 500 Gbit/in2. 
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2.2 FePt alloy 
2.2.1 Phase diagram of FePt 
The phase diagram of bulk FePt binary alloy is given in Fig. 2.2. Depending on 
the temperature and composition, the FePt alloys can be chemically disordered phase 
(fcc) or chemically ordered phases such as L12 Fe3Pt, L10 FePt and L12 FePt 3. Fe3Pt is 
paramagnetic, FePt 3 is antiferromagnetic and FePt is ferromagnetic.15 Above 1300 ºC, 
the structure of FePt is fcc (A1), below 1300 °C, FexPt1-x is L10/fct phase when 
. But L160.040.0 −=x 0 ordered FePt phase is normally kinetically suppressed and 
thus FePt is normally fcc (chemically disordered) when they are deposited onto a cold 
amorphous substrate. By using post-deposition annealing of FePt films or depositing 





Figure 2.2 Phase diagram of bulk FePt binary alloy system24
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2.2.2 Crystal structures and lattice parameters of FePt 
The crystallographic structures of FePt alloys are shown in Fig. 2.3. For fcc FePt, 
a = b= c. For L10 FePt, the lattice constant a and b is slightly larger than c. The lattice 
parameters of L10 FePt alloy with 50% Pt are  and 
.
nmba 3861.0==
nmc 3788.0= 25  For bulk L10 alloys, it has the highest Ku at equiatomic 















Figure 2.3 Crystallographic structures of fcc and fct FePt alloy 
2.2.3 L10 FePt as a potential magnetic recording materials 
L10 FePt phase is suitable for magnetic recording due to the following reasons:27
(1) It has very high Ku, ~ 7 × 107 erg/cm3.  
(2) It has moderate saturation magnetization, Ms, ~ 1140 emu/cm3. 
(3) It has high corrosion resistance.  
 
FePt is single domain particle below 340 nm. When the grain size is ~ 2.8-3.3 
nm, it is still thermally stable. Thus, in principle it can support the areal density 
beyond 10 Tbit/in2.4 However, compared to CoCrPt alloy that has Cr segregation to 
the grain boundary to isolate the magnetic grains,28 pure FePt thin films encountered 
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the problem of exchange coupling.29 Co-sputtering of FePt with elements or oxides 
that do not form alloys or compounds with Fe and Pt may help to reduce the exchange 
coupling. In addition, it is a challenge to fabricate the media with grain size below 5 
nm with standard deviation less than 10%, which is required for 1 Tbit/in2 magnetic 
recording media by conventional sputtering, due to the random nucleation process on 
the substrate during deposition. Therefore, it is desirable to develop new deposition 
technology to meet the requirements. Synthesis and assembly of FePt nanoparticles by 
chemical route or SGC provide good method on controlling on the particle size and its 
size uniformity. These preparation methods will be reviewed in next section. 
 
2.3 Methods to prepare very small and uniform L10 FePt nanoparticles  
There are many methods to prepare L10 FePt nanoparticles, including post-
deposition annealing of nanoparticles produced by solution phase method,5 multilayers 
of FePt/matrix materials and SGC.30 Solution phase and SGC methods offer the 
advantage of producing very small and uniform-size nanoparticles that meet the 
requirements of future ultrahigh density magnetic recording. FePt/matrix media 
reduce the exchange coupling by providing magnetic isolation for FePt nanoparticles. 
 
2.3.1 Solution phase preparation of FePt nanoparticles 
FePt nanoparticles produced by solution phase method was chemically synthesized 
either by simultaneous decomposition of iron pentacarbonyl, Fe(CO)5 and reduction 
of platinum acetylacetonate, Pt(acac)2, in the presence of polyol reducing agents;5 or 
by co-reduction of Fe and Pt salts.31 Surfactants were used to encapsulate the FePt 
nanoparticles and thus the particle size could be controlled and at the same time 
agglomeration as well as oxidation could be prevented. As the as-synthesized FePt 
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nanoparticles were fcc phase, post-deposition annealing was required to transform 
FePt nanoparticles into fct phase. But the problem of solution phase method lied with 
the stability of the surfactants at high temperature where coalescence of nanoparticles 
occurred due to the decomposition of surfactants at high temperature.32 Using high 
boiling point solvents such as nonadecane,33 or hexadecylamine34 during synthesis 
allowed the use of higher reflux/synthesis temperature, which could yield partially 
ordered L10 FePt with . By using tetraethylene glycol as solvent and 
reaction at 300 ºC, nanoparticles between 5-10 nm showed higher degree of chemical 
ordering and H
OeH c 1300<











around 31 kOe.35 However, the nanoparticles coalesced and the monodispersity of 
size was disrupted. Another problem for particles produced by solution phase method 
was the random orientations of the magnetic easy axis of nanoparticles.36
 
2.3.2 Post-deposition annealing of FePt-matrices nanocomposites 
Nanocomposites produced by post-deposition annealing of multilayers of 
FePt/matrix have been widely studied. The properties of the nanocomposites 
produced by this method can be manipulated by changing the bilayer thicknesses 
ratio, the number of layer, the substrate temperature, the type of substrate material and 
the post-deposition annealing time and temperature.37 Some of the matrices that have 
been studied included SiO2, Al2O3, Ag, C, Si3N4, AlN, BN, B2O3, MgO and etc. In 
general, some factors that influence the Hc of the granular thin films are grain size, 
degree of chemical ordering, volume fraction of matrix, crystallographic texture and 
magnetic reversal mode of the magnetic thin films.38
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For the FePt-SiO2 system, the particle size could be reduced to less than 10 nm by 
controlling the volume ratio between FePt and SiO2 and the annealing temperature.7, 39 
The FePt grains were magnetically decoupled by the matrix as indicated by delta M 
(δM) measurements by using only 20% SiO2 (volume fraction). However, the texture 
of FePt was not purely perpendicular to the disc plane especially when the FePt layers 
were very thin. In addition, the crystal growth along [001] direction was suppressed 
by SiO2. The ordering was improved by coalescence of grains but the FePt were 
found to be a mixture of  fcc and fct phases.8 
 
For the FePt-Al2O3 system, the grain size of FePt prepared by electron beam 
evaporation was around 10 nm, the orientation of the film was closer to perpendicular 
than longitudinal.40 In the sample prepared by co-sputtering of Fe, Pt and Al2O3, some 
Fe and Pt atoms were incorporated in the matrix during the deposition stage and 
precipitated out during post-deposition annealing.41 The FePt nanoparticles in the 
nanocomposites with low Al2O3 content agglomerated and were highly exchange-
coupled and thus not suitable for magnetic recording.42 Hono et. al suggested that 
there is a critical size for ordering based on the experimental results on FePt-Al2O3 
system.43, 44 They also found that the Al2O3 caused the interfacial disorder of FePt 
when it was deposited at low temperature, which was mainly due to strain.45
 
For FePt-Ag nanocomposite, it was difficult to obtain uniform nanogranular 
microstructure using a metallic matrix. Besides, a higher Ag content resulted in a 
significant reduction in the Hc.46 The particle size of FePt prepared by Chen et. al was 
~ 30 nm and the texture was longitudinal.47 Kang et. al used MgO as underlayer, the 
sample had good perpendicular orientation but the particle size was large; on the other 
hand, the films with particle size of 4 nm were not well ordered.48
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For the FePt-C system, the high carbon volume fraction reduced the exchange 
coupling but it also became a barrier for ordering and the resulted film did not have 
strong perpendicular anisotropy. 49  Yan et. al has fabricated FePt with [001] 
orientations, but the intergranular exchange seemed to increase with the packing 
fraction of FePt and the nanoparticles may not switch with magnetic field 
coherently.50  
 
Study of FePt grains embedded in other matrices such as nitrides (Si3N4, AlN, 
BN51, , 52 53) and oxide (MgO37, 48 and B2O3,54, 55) were also reported. Unfortunately, 
none of them has reported FePt-matrix nanocomposites that fulfilled all the criteria of 
preventing grain growth, reducing exchange coupling and having perpendicular 
orientation simultaneously. 
 
2.3.3 FePt nanoparticles produced by sputtering gas condensation (SGC) 
The physical properties of nanomaterials such as lattice parameters, heat capacity, 
melting point, electrical conductivity and etc. are different from the bulk materials. 
Consequently, they may have new electronic, optical or magnetic properties, which 
are both scientifically and technologically interesting.56 Among various methods of 
fabricating nanostructured materials, SGC offers the advantage of size uniformity.1 1 In 
addition, by using size-selected clusters as building blocks and co-deposition with 
another matrix material (atomic beam), the size and volume fraction of the 
nanoparticle phase can be independently controlled compared to the nanoparticles 
produced in granular composite or multilayers, where precursors of both nanoparticles 
and matrix materials were produced by atomic beam followed by post-deposition 
annealing.9, 10  
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Cluster or nanocluster refers to the aggregation of few atoms to few thousands of 
atoms. Their properties are between molecules and bulk materials.57 The precursor of 
the nanoclusters, which is supersaturated vapor (atom/atoms), can be produced by 
Joule-heating evaporation, magnetron plasma, pulsed arc, laser ablation and etc.58 To 
condense the supersaturated vapor into clusters, one can mix the hot vapor with cold 
inert gas cooled by liquid nitrogen or let the vapor go through adiabatic cooling by 
supersonic expansion (expansion of a vapor formed in a chamber through a small 
nozzle into vacuum).  
 
SGC is the most popular CBD method that has been used by several research 
groups to produce FePt nanoclusters. The research and references on FePt 
nanoparticles produced by SGC are summarized in Table 2.1, including the 
nanocluster formation, on-line heating and post-deposition annealing. Atoms 
sputtered from the target serve as source for nanoclusters, the supersaturated vapor is 
then condensed into small nanoclusters or nanoparticles in the gas phase by collisions 
with inert gas that is cooled at low temperature by liquid nitrogen/water. Ar, Ar/He 
and Ar/neon (Ne) have been used as the inert gas in SGC. Either sintering oven or 
halogen lamp was used for on-line heating.  
 
Generally, the nanoparticles produced by combination of SGC and on-line 
heating had very low Hc (highest 1 kOe by Wang et. al) due to low degree of ordering, 
distribution of size and distribution of easy axis. The easy axis in the post-deposition 
annealed FePt cluster assembled film and granular film (FePt-C and FePt-Ag) were 
normally random. Sellmyer et. al fabricated the nanocomposite that had Hc close to 
40kOe, the magnetic properties was close to Stoner Wohlfarth model.59  However, the 
characteristics of random orientation of easy axis ( 5.0/ =sr MM ) and the dilute 
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magnetization (5% FePt) may not be suitable for magnetic recording. For practical 
application, Rellinghaus et. al has pointed out the need of producing fcc single 
crystals rather than MTP that has distribution of easy axes orientations. 
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2.4 Common 3-D microstructures for fcc nanoparticles 
There were many research papers on the investigation of nanoparticles using 
electron microscopy (EM). The nanoparticles in different crystallographic system 
(fcc, body-centered cubic (bcc) and hexagonal closed-packed (hcp)) were found to 
have various habits such as triangular platelet, tetrahedron, cubooctahedron, 
octahedron, icosahedron, decahedron, rhombic dodecahedron, hexagonal platelet, 
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hexagonal rod, hexagonal profile, sphere and complicated profile.66 The review on 
nanoparticles can be found in articles by Uyeda,67 Marks,68 Yacaman et. al,69 and F. 
Baletto et. al.70 The geometrical shells of atom of nanoclusters can be found from the 
review by Martin.71
 
As this thesis addresses FePt, only the 3-D microstructures of fcc/fct 
nanoparticles will be treated. For the fcc nanoparticles, the 3-D microstructures of the 
nanoparticles can be mainly divided into few families:72, 73
(1) Cubooctahedron family (cube-octahedron), 
(2) Triangular family (triangular platelet-tetrahedron), 
(3) Cyclic twinning: nonparallel coplanar composition planes to form repeated 
twins. Commonly found 5-fold cyclic twinning microstructures are 
icosahedron and decahedron, 
(4) Lamellar twinning: forms from parallel contact twins repeating continuously, 
one after another, 
(5) Poly-particle, 
(6) Particle with defects. 
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3.1 Nanocluster beam deposition  
In this thesis, the nanocluster beam deposition was done by sputtering gas 
condensation (SGC) or sputtering gas aggregation (SGA). This method was 
developed by Harberland.74 The advantage of using sputtering source is that almost all 
types of materials including refractory metals and insulators can be sputtered.  
 
3.1.1 SGC system layout 
The schematic setup of the SGC system is shown in Fig. 3.1. The system mainly 
consisted of a nanocluster source chamber and a deposition chamber. The FePt-SiO2 
nanocomposites can be prepared by depositing FePt nanoclusters by SGC and SiO2 by 
radio frequency (RF) sputtering layer by layer onto silicon substrate. There is another 
set of equipment setup as shown in Fig. 3.2. An on-line heating chamber was attached 

















Figure 3.1 Picture of nanocluster beam deposition system 
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Figure 3.2 Schematic diagram of SGC system with on-line heating 
 
3.1.2 Working principle of SGC 
Referring to Fig. 3.2, the working principle of SGC is as follow: 75, 76
(1) Clusters formation: The precursors of clusters, Fe atoms and Pt atoms 
(monomeric vapor), were produced by sputtering. Ar gas was introduced 
directly over the sputter target as the working gas for sputtering, He gas was 
fed from the back to control the cluster size. The sputter discharge operated at 
pressure of 0.1-1.0 Torr, which was higher than normal sputtering. The 
sputtered atoms were swept to the condensation cell. The source chamber 
consisted of a magnetron-sputtering cathode surrounded by a liquid nitrogen-
cooled tube. Liquid nitrogen cooling was used to create supersaturation of 
FePt.  The inert gases at low temperature that filled up the condensation cell 
with high pressure collide with the monomeric vapor and condensed the 
vapor into FePt nanoclusters in the condensation cell. The simplified 
mechanism of formation of nanoclusters is shown as below:  
20 





















L        [3.1] 
 
In the hot supersaturated vapor, almost single atoms were present. The 
clustering process first started with the dimer formation. Due to the 
momentum and energy conservation laws, the dimer formation was not 
possible by 2-body collision. The dimer was generated by a 3-body collision 
with the participation of Ar. First, the clusters grew by monomer addition, 
once the clusters were swept away from the condensation region, the 
monomer density was effectively reduced and the coagulation between two 
clusters may form into a larger cluster. 
(2) Clusters extraction: The clusters were swept out of condensation cell by the 
viscous flow of inert gas and pressure difference created by differential 
pumping towards the substrate. 
(3) Clusters deposition: The building blocks of cluster-assembled film- FePt 
clusters were deposited onto substrate.  
 
3.2 Characterization methods 
3.2.1 X-ray diffraction (XRD) 
In the XRD experiments, Philips Expert x-ray diffractometer was used to identify 
the phases and examine the average grain size of the samples. The experimental setup 
was as the following: Copper target with Kα wavelength 1.541837 Å, 40 kV high 
voltage, 40 mA current, 0.5 ° for divergence slit, 0.5 ° for anti-scatter slit, 0.2 mm for 
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receiving slit. Referring to Fig. 3.3, every type of crystalline material has its 
characteristics crystal structure and thus its sets of characteristics interplanar spacings. 
When the scattered x-ray in certain direction is in phase with another scattered ray 
from other atomic planes, they form constructive interference and diffraction occur. 
The diffraction follows the Bragg’s law.77
θλ sin2d=                                                                                                            [3.2] 
where λ is the wavelength of x-ray, d is the interplanar spacing of atomic planes and  














Scattered rays Incident rays 
Figure 3.3 Illustration of x-ray diffraction 
 
During the powder scan (or called θ-2θ scan), x-ray beam was directed onto the 
specimen with an angle of θ and the detector will collect the diffracted x-ray beam at 
angle 2θ. If diffraction occurs, it will show peaks that follow from Bragg’s law. The 
diffraction peaks in the scan were then indexed using the powder diffraction file 
(PDF) database from International Center for Diffraction Data (ICDD). 
 
As shown in Fig. 2.3, the FePt can be fcc disordered or L10 ordered. The atomic 
scattering factor of the average FePt atoms, fav is given by 
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There are on average 2 Fe and 2 Pt atoms per unit cell at 000, ½ ½ 0, ½ 0 ½  and 





jjjjhkl lzkyhxifF )(2exp[ π                          [3.4] 
where h, k, l are the Miller index.  
 
The fcc FePt has only fundamental peaks where the structure factor 
hkl unmixed. For hkl mixed, ( ;2 PtFef ffF += ) 0=F  and will not show up in XRD. 
The structure factor of fct FePt has two forms: 
(1) Fundamental peaks: ( ) unmixedhklffF PtFef ;2 += . 
(2) Superlattice peaks: ( ) mixedhklevenkhffF PtFes ,)(;2 +−= . 
Thus fundamental peaks such as (111), (200), (220), (311), (222) and etc. can belong 
to both fcc and fct phases. The superlattice peaks such as (001), (110), (021), (112) 
and etc. indicate the fct phase.78
 
The intensity of peaks in the XRD pattern is proportional to 2F .The crystal 






L =                    [3.5] 
where B is the full width at half maximum (FWHM) of the peak in radian.  
 
3.2.2 Alternating gradient force magnetometer (AGFM) 
AGFM can be used to measure the response of magnetic materials to the 
magnetic field, which is shown by M-H loop in Fig. 3.4, where M is the 
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magnetization (magnetic moments per unit volume) and H is the applied magnetic 
field.79 Ferromagnetic and ferrimagnetic materials show hysteresis (the path of M as a 
function of H is not reversible). There are a few terms as shown in the M-H loop: 
 
(1) Saturation magnetization, Ms, 
(2) Remanence magnetization, Mr, 





MS = . 
 
A sample suspended at the end of a glass rod is placed in an alternating magnetic 
field gradient by flowing an alternating current into two coils. The frequency of the 
current is then tuned to the mechanical resonance frequency of the sample holder 
assembly. The force that is applied on the sample is equal to the product of 
magnetization and the field gradient. The signal of magnetization is then converted 

















Hc H (Oe) 
Figure 3.4 Typical M-H loop of ferromagnetic/ferrimagnetic materials (adapted 
from 7 9) 
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3.2.3 Energy dispersive x-ray spectroscopy (EDX) 
The energy dispersive x-ray spectroscopy (EDX) can be used as the fingerprint of 
elements. When a specimen is bombarded with electron beam, some electrons from 
the inner shell will be kicked out. The electron at a higher atomic shell will fill up the 
vacancy in the inner cell. During this process, each type of atom will emit x-ray with 
its characteristic wavelengths. The x-ray photons create electron-hole pairs in the 
Si/Li semiconductor junction detector and are transformed into digital signal.  
 
3.3 Transmission electron microscopy (TEM)  
3.3.1 Components and imaging modes in TEM 

































Figure 3.5 Components in TEM (adapted from 81) 
25 
Chapter 3 Experimental methodologies 
 
All the pictures in this thesis were taken using JEOL 3010 and CM300 both 
operated at 300 kV and have point resolution of 0.19 and 0.17 nm respectively. The 
basic components of a TEM are illumination system, specimen stage, objective lens 
system, magnification lens system, data recording system and the chemical analysis 
system (optional). The strength of intermediate lens can be changed to form either 
images or diffraction patterns.  
 
There are a few imaging modes as shown in Fig. 3.6. Bright field (BF), dark field 
(DF) and high-resolution (HR) TEM images are formed by selecting electron beams 
using suitable objective apertures for image formation.81 BF TEM image shows the 
intensity distribution in the transmitted beam whereas DF TEM image shows the 
intensity distribution of the diffracted beam. In order to reduce the spherical 
aberration, deflection coil is used to tilt the incident beam and bring the diffracted 
beam parallel to optic axis in the DF mode. HRTEM imaging mode can provide 
atomic resolution of microstructures by using a larger aperture in the BF mode to 
include both transmitted and diffracted beam.  
 













Figure 3.6 Imaging modes in TEM (adapted from 72) 
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3.3.2 Contrast mechanisms in TEM 
There are three major types of contrast in TEM.7 2 The first type, diffraction 
contrast/amplitude contrast is caused by the perturbation of local 
strain/defects/dislocation on the amplitude of Bragg’s beam (diffracted beam) and is 
useful in conventional BF imaging.  
 
The second type of contrast, phase contrast is caused by phase modulation 
introduced by projected potential when electrons pass through it. This contrast is 
sensitive to atom distributions. Phase contrast TEM image is the result of the 
thickness-projected image of a 3-D specimen along the electron beam direction. The 
3-D microstructure of a specimen may be revealed by taking TEM image at least from 
two independent directions. Electron wave function that goes through a thin crystal 
can be characterized by a phase modulation function using phase object 
approximation (POA). Under this assumption, electron wave is modulated only in 
phase but not in intensity. When electron beams travel along low index zone axis, the 
variation of potential across atom rows is a sharp varying function and atoms can be 
approximated by narrow potential wells of width in the order of 0.2-0.3Å. This sharp 
phase variation is the basis of atomic resolution in HRTEM. 
 
The last type of contrast is mass-thickness or atomic number contrast due to the 
different scattering power by atoms of different atomic number and this image 
contrast is most useful in the collection of electrons scattered to high angles in 
scanning transmission electron microscope (STEM). 
 
HRTEM image is formed by the interference between the transmitted beam and 
diffracted beam. The object information is transferred nonlinearly by objective lens as 
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the phase of diffracted beam is modulated by objective lens. The spherical aberration 
of TEM is fixed and the only variable is the defocus, the contrast will be changed and 
even reversed by the defocus. Thus, simulations of the HRTEM image contrast at 
different defocus values should be done to interpret the actual microstructural 
information. 
 
3.3.3 Fast-Fourier Transform (FFT) pattern 
As the electron micrograph is digitized, the digitized image can be Fourier 
transformed by taking the advantage of the FFT algorithms. The Fourier transform of 
a micrograph is similar to diffraction pattern. Thus, the FFT pattern carries the 
crystallographic information and can then be indexed in the similar way to diffraction 
pattern.82  The orientation of the crystal can be indexed by the diffraction patterns. 
The Miller index (hkl) is used to designate crystal plane in reciprocal lattice. For fcc 
FePt which is a cubic system, the [hkl] are parallel to the normal of (hkl). For cubic 








++=                   [3.6] 
where d is the interplanar spacing, and a is the lattice parameter of unit cell. 
 
In TEM, the relationship between diffraction ring radius and interplanar spacing is 
given by 
λLRd =                    [3.7] 
where R is radius of diffraction ring, and L is the camera length. 
 
The (hkl) can be solved by the ratio of radius of diffraction rings. Each diffraction 
pattern from different zone axis shows its own characteristics. The zone axis, [UVW] 
is a direction that is common to all the planes of the zone. So if a set of planes (hkl) 
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whose normal are perpendicular to [UVW], they are in the  [UVW] zone. It follows 
Weiss Zone law 0=++ lWkVhU                [3.8] 
 

















































Figure 3.7  (a) Projection of fcc atoms in a unit cell along [011] zone axis; (b) 
Real space atoms position in the [011] zone axis; (c) FFT pattern in [011] zone 
axis; (d) FFT pattern in [001] zone axis; (e) FFT pattern in [1
_
11] zone axis; (b)-(e) 
are simulated by EMS on-line (Electron Microscopy Image Simulation on-line83) 
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First look at the [011] projection of a fcc unit cell from Fig. 3.7(a), the real space 
image is shown in Fig. 3.7(b), the alphabets designate the positions of the atoms. In 
Fig. 3.7(b), the respective projection of atomic planes of {111}, {200} and {220} are 
shown.  
 
The FFT pattern along [011] zone axis is shown in Fig. 3.7(c). The diffraction 
beam pattern is orthogonal to the lattice plane in real space. The distance between the 
diffracted beam to the center is inversely proportional to the . The angle 
between the normal to the planes (h
222 lkh ++




















++=φ                                                       [3.9] 
 
The characteristics of the FFT patterns of [011], [001], [1
_
11] zone axis are given in 
Figs. 3.7(c)-(e).  
 
3.4 3-D microstructures determination of fcc nanoparticles using TEM 
Since conventional BF TEM image is a 2-dimensional (2-D) projection of a 3-D 
object, the 3-D microstructures of the fcc nanoparticles can be resolved by using 
different TEM techniques, such as BF technique, DF technique, weak beam dark field 
(WBDF) technique, micro-diffraction technique, selected zone dark field (SZDF) 
technique and HRTEM technique.8 2 BF technique is useful to “guess” the possible 3-D 
microstructures of a nanoparticle by its 2-D shape. DF technique is useful to 
differentiate single crystal particle from poly-particle. If only some parts of a particle 
is bright, it is not a single crystal. WBDF technique is a convenient way to probe the 
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topography of the nanoparticles. HRTEM images taken along specific zone axes can 
give full information of the atomic planes. FFT pattern of a HRTEM image is helpful 
to determine the orientation of particle (zone axis). Tilting from at least 2 independent 
orientations may resolve the full microstructure of nanoparticles. The principle of 
resolving the 3-D microstructures of nanoparticles by HRTEM and WBDF technique 
will be discussed in the following sections. 
 
3.4.1 High-resolution transmission electron microscopy (HRTEM) technique 
There are typical zone axes that the fringes patterns of the particle accompanied 
by its FFT pattern are unique for certain 3-D particles:84, 85
 
(1) <110> zone axis for cubooctahedron series, 
(2) 2-fold, 3-fold and 5-fold symmetry orientation for icosahedron, 
(3) 5-fold symmetry orientation for decahedron/decahedron rod, 
(4) <110> zone axis for tetrahedron particle.  
 
3.4.2 Weak beam dark field (WBDF) technique 
Tilting will be the best way to resolve the 3-D microstructures of nanoparticles. 
Kikuchi lines method and convergent beam electron diffraction (CBED) method are 
useful techniques for guidance of tilting from one orientation to another.86 Kikuchi 
lines method is not useful for the nanoparticles in the range < 10 nm, as they may not 
be thick enough to have multiple scattering. CBED method is also not suitable for 
nanoparticles as the convergent beam may heat the specimen and the microstructure 
of these small nanoparticles may change.  
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Instead, the thickness fringes in WBDF technique due to the excitation error 
away from the Bragg’s conditions (weak beam) will be able to give some 
topographical information of the particles.87 This is similar to the thickness fringes of 
a wedge specimen due to the extinction distance of electrons in TEM. 
 

















                          [3.10] 
where t is the thickness of sample, ξ is the extinction distance, and seff  is the effective 
excitation error. seff is given by 
2
2 1
ξ+= sseff                   [3.11] 
where s is the excitation error (a measure of deviation from Bragg’s condition). 
 
Under Bragg’s condition ( ), 0=s ξ
1=s   
 
                                                                                [3.12]      
 
Away from Bragg’s condition (weak beam), ξ
1>>s , ssseff =+= 22 1ξ  
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1>>s ), by tilting away from the Bragg’s condition, the thickness fringes 
will occur at a much smaller thickness. By comparing the intensity terms in 
denominator, the brightness of the fringes will reduce with the increase of s. These are 
shown in Fig. 3.8. 
 











Figure 3.8 Illustration of relationship of intensity and periodicity of thickness 
fringes with excitation error, s (adapted from 87) 
 
 
When the particle is in Bragg’s condition, it has uniform contrast; deviated from 
the Bragg’s condition, it shows equal-thickness fringes. The larger the deviation 
(tilting away from Bragg’s condition), more fringes will be observed and the intensity 
is lower. 
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Chapter 4 3-D microstructures of FePt nanoparticles 
4.1 Introduction 
As reviewed in Chapter 2, it can be envisaged that the [001] textured L10 FePt 
nanoparticles may be obtained by on-line heating the cubic FePt nanoparticles 
produced by SGC, followed by aligning them in magnetic field upon their arrival onto 
substrate. The control and investigation of the 3-D microstructures of FePt 
nanoparticles produced by SGC therefore became important. However, the 
microstructures and how the experimental conditions affected the microstructures of 
FePt nanoparticles produced by SGC remained unclear. 
 
As reviewed in chapter 2, most of the particles produced by SGC were 
icosahedron, even at the large size of 6 nm. Some other microstructures such as fcc 
single crystal, “almost single crystal”, hybrid between icosahedron and decahedron, 
Marks decahedron, singly-twinned particle, and triangular particles were also found. 
What were the 3-D microstructures of the triangular particles and “almost single 
crystal”? Are there other microstructures beyond the above-mentioned 3-D 
microstructures? How were the triangular particles and asymmetric decahedron 
formed? 
 
Another interesting phenomenon for the microstructures of FePt was that most 
nanoparticles produced by SGC were icosahedron and decahedron up to the size of 6 
nm and only some of them were fcc single crystal (cubooctahedron), whereas 
nanoparticles produced by solution phase method were mostly fcc single crystal 
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starting from the size of 3 nm. The experiments in this chapter focused on answering 
some of the questions mentioned above. 
 
4.2 Experimental details 
The schematic drawing of the experimental setup of SGC is shown in Fig. 3.2. 
The system mainly consisted of 3 components: a nanocluster growth chamber, an on-
line heating chamber and a deposition chamber. The experiments discussed in this 
chapter were carried out with on-line heating region held at room temperature (heater 
power off). The base pressure of the growth chamber was 1.8 × 10-7 Torr. A direct 
current (DC) magnetron source was used to sputter the FePt target with a sputtering 
power of 200 W. During deposition, Ar and He gases were fixed at the flow rate of 
200 and 100 sccm, respectively. The growth region was cooled to -100 ºC or -170 ºC 
by adjusting the flow rate of liquid nitrogen and the corresponding pressure of growth 
chamber were 1.0 Torr and 0.6 Torr, respectively. After the FePt nanoparticles were 
formed in the nanoparticle forming chamber, they flew through two apertures with 4 
mm and 10 mm, respectively, and entered the on-line heating chamber (1 m long) due 
to differential pressure created by pumping. The nanoparticles were then deposited 
onto the Cu grids coated with carbon films. The shapes and microstructures of the 
nanoparticles were characterized by JEOL 3010 HRTEM. 
 
4.3 Morphologies of FePt nanoparticles produced at -100 ºC and -170 ºC 
Figs. 4.1(a) and 4.1(b) show the BF TEM images of FePt nanoparticles produced 
at -100 ºC and -170 ºC, respectively. The atomic composition of Fe:Pt was close to 
1:1, as probed by EDX. The corresponding selected area diffraction patterns (SADP) 
of Figs. 4.1(a) and 4.1(b) are shown in Figs. 4.1(c) and 4.1(d), respectively. 
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Figure 4.1  (a) BF TEM image of FePt nanoparticles deposited at -100 ºC; (b) BF 
TEM image of FePt nanoparticles deposited at -170 ºC;  (c) and (d) are the 
corresponding SADPs of (a) and (b) 
 
The SADPs were similar and showed FePt polycrystalline fcc pattern with lattice 
parameter close to .nma 381.0= 88 The nanoparticles deposited at -100 ºC were 
equiaxed with mean size of 4 nm and a standard deviation of 16%. The size of 
nanoparticles deposited at -170 ºC ranged from 5-20 nm with triangular (T), square 
(S), rhombic (R), pentagonal (P), hexagonal (H), octagonal (O) and irregular shapes. 
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Fig. 4.2 shows the HRTEM images of nanoparticles deposited at -100 ºC.  










2 nm 2 n  2 nm 
(b)(a) 
Figure 4.2 Typical complex HRTEM contrast of icosahedrons 
 
 
In Fig. 8(b) in Ref 30, the particle that showed lattice fringes was recognized as 
single crystal. However, the contrast was similar to Fig. 4.2 (b) and thus it was an 
icosahedron rather than a single crystal. The recognition of the 3-D microstructures of 
magnetic nanoparticles is important because the magnetism of the MTP is not well 
understood and would be quite different from single crystalline particle. For example, 
how do the magnetic moments align with magnetic field and how the quasi-
periodicity affects the magnetocrystalline anisotropy in the MTP? The FePt 
icosahedron is not as favorable as single crystal in terms of magnetic recording 
because the effective magnetocrystalline anisotropy is lower. This is due to the 
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4.4 Recognition of 3-D microstructures of nanoparticles produced at -
170 ºC 
The were many variations in the orientations of the nanoparticles due to the 
random orientations of the nanoparticles during flight in the gas phase and the 
irregularity of the carbon film.8 2 Thus, a nanoparticle can have different 2-D shapes at 
different orientations and a 2-D shape may come from different 3-D microstructures. 
Classification of 3-D microstructures by its 2-D shapes can reduce the possibilities of 
3-D microstructures and the details can be refined by other TEM techniques. Table 
4.1 lists the possible 3-D microstructures by the 2-D shapes.  
 
Table 4.1 Possible 3-D microstructures of fcc nanoparticles for different 2-D 
projection shapes 89, , , , 90 91 92 93
 
2-D Shapes Possible 3-D microstructures 
Triangular 
Tetrahedron, half tetrahedron, triangular platelets, half octahedron 
and bi-tetrahedron 
Square 
Cube, truncated cube, cubooctahedra, half octahedron and 
octahedron, tetrahedron 
Rhombic Octahedron, truncated octahedron and decahedron  
Truncated 
rhombus/kites 
Truncated octahedron, Marks decahedron, decahedron and 
tetrahedron  
Pentagonal Pentagonal bipyramid, Marks decahedron and decahedron rod 
Hexagonal 
Cubooctahedron, truncated octahedron, Marks decahedron, 
icosahedron, truncated tetrahedron and truncated triangular platelets 
Octagonal Truncated octahedron and truncated cubooctahedron 
Round Icosahedron and round decahedron 
Star Star decahedron, star mono-crystal and great stellated dodecahedron 
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As listed in Table 4.1, the top view (perpendicular to (111) base) of both 
tetrahedron/bitetrahedron and triangular platelet, bi-tetrahedron will show triangular 
shape. The top view of cube, truncated cube, cubooctahedra and octahedron will show 
square shape. The top view of the microstructure that is intermediate between cube 
and cubooctahedra will show square shape while the top view of the intermediate 
between cubooctahedra and octahedron will show octagonal shape. The 3-D 
microstructures of hexagonal particles would be the most difficult to differentiate by 
using conventional BF technique because all cubooctahedron family, triangular family 
and MTP family have 2-D projection that is hexagonal.  
 
As mentioned in Chapter 3 that there are few microstructure families for fcc 
nanoparticles; the particles produced at -170 ºC (Fig. 4.1(b)) showed triangular, 
square and pentagonal shapes. The triangular shape confirmed the triangular series; 
the square shape confirmed the cubooctahedron series and the pentagonal shape 
confirmed the MTP family. The details of TEM images of different families at 
different orientations will be treated in separate sections. 
 
4.4.1 Cubooctahedron series 
 
Figs. 4.3(a)-(d) show the (200) WBDF TEM images of a square particle tilted by 





(a)                        (b)                       (c)                        (d)                        (e) 
Figure 4.3 (a)-(d) (200) WBDF TEM images of a square particle tilted by +1°      
consecutively; (e) Corresponding 3-D microstructure of the octahedron particle, 
shaded area is the <001> projection 
{111}
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The equal thickness fringes parallel to the edge of the square particle were clearly 
observed and the spacing between thickness fringes decreased with increasing tilting 
of the particle. A square particle may be a cube, cubooctahedra, microstructure 
between cube and cubooctahedra, half octahedron (square pyramid) or octahedron 
oriented along [001] direction.94,  95 The possibilities are analyzed in Fig. 4.4. 










Figure 4.4 WBDF fringes patterns of (a) octahedron/half octahedron; (b) 
Cubooctahedra; (c) Cube 
 
 As shown in Fig. 4.4, for cubic particle, the equal dimensions along [001] 
directions would lead to a uniform contrast without fringes after tilting away from 
Bragg’s condition; for cubooctahedra particles, the pattern of the equal-thickness 
fringes is 45° to the edge. Only the half octahedron or octahedron particles fulfill the 
conditions for equal-thickness fringes parallel to the edge of the square. The values of 
surface energy (γ) of different planes of fcc metals follow 110100111 γγγ << ,62 it is 
therefore not energetically favorable to have a large {100} plane (half octahedron); 
kinetically, {100} grew faster at low temperature and would vanish, 96 the particle was 
therefore an octahedron. The shaded area in Fig. 4.3(e) shows the <001> projection of 
the octahedron particle, an octahedron is made of eight {111} planes.  Note that 
uniform contrast in the DF mode (Fig. 4.3(a)) does not necessarily guarantee a flat 
topography (cubic). Only after tilting away from the Bragg’s condition, the 
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topography of the particle may be determined. The HRTEM images of some rhombic 












































Figure 4.5  (a) HRTEM image of octahedron; (b) HRTEM image of highly-
truncated octahedron close to <110> zone axis, inset is the FFT pattern; (c) 3-D 
microstructure of truncated octahedron, shaded area is along the <110> 
projection; (d) Corresponding <110> projection of highly-truncated octahedron 
 
 
Fig. 4.5(a) gives the HRTEM image of a rhombic shape particle that shows 1-
dimensional (1-D) lattice fringes. The rhombic like/kite shape particle may 
correspond to truncated octahedron, decahedron and tetrahedron. Decahedron is made 
up of 5 tetrahedron subunits and thus its HRTEM image does not show simple 1-D 
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lattice fringes throughout the particle at the orientation showing rhombic shape.90 For 
tetrahedron particle, it shows a kite shape91 and not a rhombic shape and thus can be 
excluded. So the particle can only be truncated octahedron close to <113> or <123> 
zone axis as simulated by Ascencio et. al.90   
 
Fig. 4.5(b) is a HRTEM image of a truncated rhombus particle, inset is the FFT 
pattern showing orientation close to <110> zone axis. This corresponds to a highly 
truncated octahedron whose microstructure is close to the octahedron (higher 
{111}/{100} ratio than normal truncated octahedron). The octahedrons or highly 
truncated octahedrons in Figs. 4.5 are consistent with the WBDF TEM images in Fig. 
4.3. Fig. 4.5(c) shows the 3-D microstructure of a truncated octahedron, the shaded 
area is the <110> projection. Truncated octahedron consists of six {100} planes 
(square) and eight {111} planes (hexagon). The schematic 2-D projection of Fig. 
4.5(c) is shown in Fig. 4.5(d). Most of the truncated octahedron found in these 
experiments were asymmetric. 
 
Fig. 4.6(a) shows the HRTEM image of a hexagonal particle, inset is the FFT 
pattern showing <110> zone axis. The 3-D microstructure of the cubooctahedra is 
shown in Fig. 4.6(b), where the shaded area is along the <110> projection. 
Cubooctahedra is made of six {100} planes (square) and eight {111} planes (triangle). 
The schematic 2-D projection is shown in Fig. 4.6(c). A cubooctahedron has a lower 
{111}/{100} ratio, as compared to the truncated octahedron.  
 
There are some particles showing 1-D lattice fringes throughout the particles as 
shown in Figs. 4.7. For fcc single crystal particles, these are cubooctahedron particles 
as simulated by Ascencio et. al.9 0 Cubooctahedron particles are microstructures 
between cube and octahedron. 
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Figure 4.6 (a) HRTEM image of cubooctahedra along <110> zone axis (inset is 
the FFT pattern), a groove is indicated by an arrow; (b) 3-D microstructure of 
cubooctahedra, shaded area is along the <110> projection; (c) Corresponding 


















  2nm 2nm 
(a) 
Figure 4.7 HRTEM images of cubooctahedron 
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4.4.2 Triangular series 
For triangular particles, the most common possibilities are tetrahedron or 
triangular platelet.72 Two types of WBDF TEM images for triangular shape were 
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Figure 4.8 (a) (220) WBDF TEM images of a truncated triangular nanoparticle, 
II-IV are tilted by 0°, +1°, +2° from BF TEM image I, V shows corresponding 
<111> projection of a possible truncated tetrahedron/truncated bi-tetrahedron 
particle; (b) (220) WBDF TEM images of a triangular nanoparticle, II-IV are 
tilted by 0°, +6°, +8° from BF image I, V shows the corresponding <111> 
projection of triangular platelet particle; (c) BF TEM image of FePt 
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As shown in Fig. 4.8(a), after tilting 2° from II-IV, it reveals more equal-
thickness fringes. This indicates that the particle does not have uniform thickness and 
therefore is not a flat microstructure. It can be either a tetrahedron or a bi-tetrahedron. 
The 2-D shape of the particle was actually a truncated triangle. In Fig. 4.8(b), after 
tilting 8° from II-IV, the particle showed uniform contrast without any observed 
fringes. The lack of topography may suggest that the particle was a triangular platelet 
(another possibility is the particle is too small within the resolution of WBDF 
method).8 7 However, the high aspect ratio form such as platelets/rods microstructures, I 
and II were observed in other BF TEM image in Fig. 4.8(c), suggests that platelet/rod 
exist in these experiments. 
 
In Fig. 4.8(a), the truncation of the tetrahedron or bi-tetrahedron by {111} planes 
was observed by viewing the particle close to <111> zone axis. It could not be 
confirmed whether triangular particle was also truncated by other atomic planes such 
as {200}. By viewing truncated tetrahedron along the <110> zone axis, the truncation 
by {200} planes may be ascertained.  
 
Fig. 4.9(a) shows a truncated tetrahedron close to the <110> direction, inset is the 
FFT pattern. The 3-D microstructure of the truncated tetrahedron is shown in Fig. 
4.9(b), the shaded area is the <110> projection. The schematic 2-D projection is 
shown in Fig. 4.9(c), it shows both {111} and {200} planes, indicating the particle is 


















































Figure 4.9 (a) HRTEM image of a truncated tetrahedron close to <110> zone axis 
(inset is the FFT pattern); (b) 3-D microstructure of truncated tetrahedron, 
shaded area is along the <110> projection; (c) Corresponding <110> projection 
of truncated tetrahedron 
 
4.4.3 Cyclic twinning microstructures 
The most frequently observed cyclic twinning microstructures are Marks 
decahedron and icosahedron. They are actually microstructures with 5-fold cyclic 
twinning that will be discussed in this section, another type of microstructure with 
lamellar twinning (parallel contact twins repeating continuously)7 3 will be discussed in 
the next section. 
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A regular decahedron is made up of 5 tetrahedron subunits, it can be thought of a 
pentagonal bipyramid as shown in Fig. 4.10(a). The typical contrast patterns of 
decahedron along different orientations in the DF mode by selecting different 
diffraction rings are shown in Fig. 4.10(b).97 The examples of decahedron close to 
















Figure 4.10 (a) 3-D microstructure of a regular decahedron from the edge view; 
(b) Face, 5-fold and edge orientations of regular decahedron; grey parts show the 






(b)                            (c)                          (d) 
5nm 
(a)
Figure 4.11 (a) BF TEM image of decahedron particle (circle); (b) DF TEM 
image of (a); (c) DF TEM image of (a) tilted by -1°; (d) Illustration of 
decahedron close to face or 4° direction 
 
 
By looking at the DF TEM image in Fig. 4.11(c), one might think that the particle 
is a single crystal but in reality, it is just part of the decahedron particle. Thus, to 
confirm whether a particle is single crystal or not, it is insufficient to look at the DF 
TEM image alone, comparisons between DF and BF TEM images should be done. 
47 
Chapter 4 3-D microstructures of FePt nanoparticles 
 
The decahedron particle along the edge orientation shows rhombic shape. The 
rhombic shape could be a highly truncated octahedron, an octahedron or a decahedron 
particle. However, no matter how the truncated octahedron or octahedron is tilted, 
they will show regular and symmetry outline, but not the case for decahedron. As 
decahedron is tilted, it may show irregular outline 98  as shown in Fig. 4.12. 
Furthermore, only parts of the particle showed lattice fringes, indicating that this 











Figure 4.12 HRTEM images of a rhombic particle tilted at (a) 0°; (b) -10°; (c) -
15°; (d)-20°; (e) -25° 
 
 
Figs. 4.13(a) and 4.13(b) show the DF and BF TEM images of a particle with 
flower-like shape. The bright contrast on the bottom part of DF TEM image matches 
with the dark contrast of BF TEM image. Thus, the dark contrast in the BF TEM 
image is related to the diffraction contrast when some tetrahedron subunits of the 
MTP were at Bragg’s condition. When the particle was tilted for 5° and 6°, different 






(a) (b) (d) (e) 
 
Figure 4.13 (a) DF TEM image of a flowerlike particle using (220) diffraction 
ring; (b)-(d) BF TEM images of truncated pentagonal particle tilted by 0°, +5°, 
+6° from (a); (e) 3-D microstructure of Marks decahedron, the shaded area is the 
projection along its 5-fold symmetry orientation 
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The dark part in Fig. 4.13(d) shows a subunit of the MTP, which is 1/5 of the 
whole particle. The five re-entrants or grooves are close to the 5-fold symmetry axis 
as marked by white arrows in Fig. 4.13(c), which ascertained that particle is a Marks 
decahedron or called truncated decahedron close to its 5-fold symmetry orientation. 
As regular decahedron is not spherical enough, {100} truncation along the edge will 
make it rounder, which has lower surface energy. This microstructure is called Ino 









































Figure 4.14  (a) HRTEM image of Marks decahedron at <110> projection (inset 
is the FFT pattern, white arrow indicate the truncation); (b) Edge view of Ino 
decahedron; (c) 3-D microstructure of Marks decahedron; (d) Projection of 
Marks decahedron along its 5-fold symmetry axis 
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A Marks decahedron can be thought as an Ino decahedron that is further 
truncated by {111} planes as shown in Fig. 4.14(c). It has the lowest energy among 
the decahedron microstructure motifs.73  
 
Fig. 4.14(a) shows a HRTEM image of a MTP. The inset is the FFT pattern that 
shows 5-fold symmetry of {111} and {200} planes, which can either belong to 
decahedron or icosahedron.84 The HRTEM contrast of icosahedron along 5-fold 
orientation is diffused and thus icosahedron is excluded. So this particle is a 
decahedron, having reentrants as shown by white arrows would further classify this 
particle as asymmetric truncated decahedron.99  
 
For HRTEM images of the fcc cubooctahedron, the lattice fringes patterns are 
normally symmetrical and the particle outlines are regular- either hexagonal, 
octagonal, rhombic or square.92 For icosahedron, they are either hexagonal or spherical 
in shape. There were other deposited FePt particles with irregular shapes with lattice 
fringes of different contrasts observed in these experiments.  
 
Koga et. al performed simulations on the HRTEM image of MTPs, including the 
truncated decahedron with rotating angle β along  5-fold symmetry axis  and tilting 
angle  α in the y-z plane100 as illustrated in Fig. 4.15. Figs. 4.16 show the HRTEM 
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 α = 90°, β = 0° α = 0°, β = 0°  
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α = 40°, β = 0° α = 50°, β = 0° 
 
 
Figure 4.15 Different orientations of Marks decahedron, α is the tilting angle in 
the y-z plane, β is the rotation angle around the 5-fold symmetry axis (a) edge 
view of Marks decahedron; (b) top view along the 5-fold symmetry axis; (c)-(e) 


















Figure 4.16 HRTEM images of Marks decahedron particles close to different 
tilting angle α and rotation angle β (a) °−= 4020α , °= 0β ; (b) °−= 90α , 
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The FFT pattern of Fig. 4.17 resembles a singly-twinned particle as given by Dai 
et. al.101 However the HRTEM of the lower part is diffused and resembled a truncated 
decahedron oriented at °−= 6050α , °= 0β . The differentiation between a singly-













Figure 4.17 HRTEM image of Marks decahedron particles at °−= 6050α , 
°= 0β , inset is the FFT pattern 
 
The particle in Fig. 4.18(a) only shows lattice fringes on its bottom half, this 
similar contrast was recognized as fcc single crystal in Fig. 3(c) in Ref 62. Tilting was 
performed on this particle and is shown in Figs. 4.18(b) and 4.18(c).  All these 3 
figures matched the Koga’s simulation, thus this particle was a Marks decahedron.  
The Moiré fringes as indicated by white arrows in Fig. 4.18(c) are the results of the 
interference of stacking atomic planes with different lattice planes or orientation as a 























Figure 4.18 HRTEM images of a truncated decahedron particle close to (a) 
°= 70α , °−= 189β ; (b) °= 80α , °= 0β ; (c) °= 60α , °=18β , the white arrows 
indicate the Moiré fringes 
 
The outline of the Marks decahedron or decahedron particles can be regular or 
irregular and the lattice fringes patterns differ a lot from one orientation to another. 
Tilting is required to resolve the microstructure of Marks decahedron as it may show 
fringes patterns similar to singly-twinned particles as well as particles having 
imperfections or distortions, such as dislocations or stacking faults. Thus, more 
attention needs to be focused on the microstructures with imperfections as the real 
microstructure may be a Marks decahedron. Another type of star-shape microstructure 













Figure 4.19 (a) HRTEM image of a star decahedron; (b) 3-D microstructure of 
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The star-shape particle could be a star decahedron which is another type of MTP,7 3 
or a mono-crystalline star (single crystal) which can be thought of a cuboctahedra 
with each of its eight {111} truncations replaced by a tetrahedron.93 The star particle 
shows subunits of different lattice orientation and thus is a star decahedron, as shown 
in Fig. 4.19(b). The star decahedron can be thought of the {100} facets of Marks 
decahedron (Fig. 4.14(c)) further truncated by {111} facets until the whole particle 
shows only {111} facets. 
 
Compared to decahedron particles, the 2-D shapes and the fringes patterns of 
icosahedron particles are quite easy to recognize. The typical DF TEM image of the 





























Figure 4.20 (a) Butterfly contrast of a hexagonal particle (I) BF TEM image,    
(II)-(IV) are DF TEM images of (I) tilted by 0°, +2°, -2°; (b) 3-D microstructure 
of icosahedron which is made up of 20 tetrahedron subunits; (c) Butterfly 
contrast of icosahedron along face, 5-fold and edge view (adapted from 97) 
 
The DF TEM images showed “butterfly contrast” (bright contrast opposite to 
each other), which is the characteristic of icosahedron particle.97 Since the icosahedron 
is a highly symmetric particle that is made of 20 tetrahedron subunits, certain numbers 
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of these tetrahedron subunits were at Bragg’s condition at the same time, thus leading 
to the “butterfly contrast”. Tilting the icosahedron particle allowed other tetrahedron 
subunits to be at the Bragg’s condition. Icosahedron particles show butterfly contrast 
in DF, the fringes patterns of icosahedron also appear in symmetrical pairs (opposite 




















Figure 4.21 (a), (b), (c) are HRTEM images of some icosahedron particles;                   
(d), (e), (f) illustrate the fringes patterns of particles in (a), (b), (c)  
 
 
There are also some other MTPs with cyclic twinning beyond icosahedron and 
decahedron. Fig. 4.22(a) is a HRTEM image of either a bi-icosahedron 102  or a 
decahedron rod.103 The bi-icosahedron is made up of 2 icosahedron stacked into each 
other by sharing a central decahedron and it comprises 35 tetrahedron subunits and 30 
outer faces. The decahedron rod can be thought of an elongated Ino-decahedron that is 
made up of a chain of decahedron, they are joined along the vertex that is parallel to 
5-fold symmetry axis. Fig. 4.22(b) resembled a HRTEM image of an asymmetric 
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decahedron. It may also correspond to the truncated icosahedron (hybrid between 



















Figure 4.22 (a) HRTEM image of bi-icosahedron or decahedron rod; (b) 
HRTEM image of an asymmetric decahedron or hybrid between icosahedron 
and decahedron (truncated icosahedron) 
 
 
Fig. 4.23 shows a particle with twin junctions (2 twin boundaries), the angle 














Figure 4.23 HRTEM image of a cyclic twinning microstructure with two twin 
planes; white arrows show the reentrant corner and the white thick lines show 
the twin planes 
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4.4.4 Other microstructures (lamellar twinning microstructures, particles with 
defects and poly-particles) 
There are some irregular microstructures for FePt nanoparticles that could not fit 
into the cubooctahedron series, triangular series or MTP with 5-fold cyclic twinning. 
The particle in Fig. 4.24(a) is close to a MTP with lamellar twinning. Fig. 4.24(b) is 
probably a particle with stacking faults. The inset in the FFT pattern in Fig. 4.24(a) is 
similar to the FFT pattern of a singly-twinned particle.10 1 As mentioned before, the 
Marks decahedron may also show microstructure that has stacking faults. Without 
tilting, the actual 3-D microstructure of the particle cannot be ascertained. Whether 
they are with lamellar or cyclic twinning, these particles are with defects or stacking 
faults. 
 
There are also some defective microstructures that are poly-particle like, which is 
shown in Fig. 4.24(c). It may be a result of incomplete coalescence105 between solid-















Figure 4.24 (a) HRTEM image of a lamellar twinning particle, inset is the FFT 
pattern; (b) HRTEM image of another lamellar twinning particle; (c) HRTEM 
image of a poly-particle 
 
Would the defect microstructures shown in Fig. 4.24 be the polytetrahedron 
microstructures? For polytetrahedron family, the whole space can be divided into 
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tetrahedron, it comprises Mackay icosahedron, Marks decahedron, Leary tetrahedron 
and some other complicated microstructures which have higher packing density than 
fcc packing and thus are energetically favorable microstructure at small size.107   
 
Fig. 4.25(a) shows a BF TEM image of a rhombic particle with diffraction 
contrast (white circle). As BF TEM image is sensitive to defects, so this particle may 

























Figure 4.25  (a) BF TEM image of a rhombic particle with defects (white circle);  
(b) HRTEM image of particle with defects, white arrows indicate the defects; (c) 
HRTEM image of (b) tilted by 20° 
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The particle shows lattice fringes of truncated octahedron in Fig. 4.25(c). This 
particle with rhombic shape outline and two defects-like lines does not fall into the 




4.5.1 Effects of cooling temperature to the nucleation and growth 
In Fig. 4.1, the particle size increased with decreasing cooling temperature in the 
growth chamber. This can be explained by the growth of nanoparticles in SGC.76 The 
clusters first form stable nuclei and then grow by surface growth or by coalescence 
between particles. As reviewed in Eqn 3.1 in Chapter 3, the growth starts with a 3-
body collision involving 2 monomer atoms and 1 inert gas atom, these 2 monomers 
grow into dimers. The dimer formation process is the bottleneck of cluster growth. 
When the temperature of growth chamber increased, cluster cooling by inert gas 
became inefficient as the atoms were too energetic to form long-life dimers and thus 
the nuclei density (or nucleation density) decreased.108 Thus the nuclei density of FePt 
in the low temperature gas environment was higher in this current work.  
 
When atoms were adsorbed to the particle surface, substantial energy was 
released.1 06 At low pressure, as in this case, this could potentially lead to heating 
significantly above the nominal temperature of the surrounding gas, if the growth rate 
was fast enough.  It may be possible that new atoms were arriving and depositing 
energy into the growing cluster faster than that energy could be carried away by 
colliding with gas molecules, thus the sticking coefficient could be less than 1.0. For 
particles formed by surface growth (atom-by-atom, facet-by-facet or shell-by-shell), 
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the energy loss by collision was faster and more efficient in the inert gas with low 
temperature and thus the sticking coefficient or the condensation rate allowed the 
particle to grow larger.109  
 
If the nanoclusters grew by coalescence, as more clusters (nuclei density) were 
formed at low temperature, they eventually collided to form a larger particle as in one 
of the main growth mechanisms in inert gas aggregation.74 A longer residence time of 
the particles at lower temperature allowed for further growth by coalescence.10 8 
Although nanocluster could be cooled down by evaporation or inelastic collision with 
Ar, when the temperature of the gas was low, the nanoclusters in the SGC were 
normally cooled by inelastic collision with Ar and thus evaporation could be 
neglected.108 
 
4.5.2 Thermodynamics origin of FePt nanostructures 
The FePt nanoparticles grown at -100 °C in these experiments were small 
particles around 4 nm, which were icosahedron and were also found in other FePt 
nanoparticle systems produced by SGC methods (< 6 nm). Generally, the particle that 
gives roundest outline and close-packed planes will have the lowest surface energy.70 
As shown in Fig. 4.26, at 0 K, icosahedron is the most energetically favorable 
microstructure for a small particle size, followed by decahedron (Marks decahedron) 
and then fcc single crystal (truncated octahedron).70 
 
Icosahedron is the roundest particle with only closed-packed {111} facets at the 
surface and thus has lowest surface energy. The transition into Marks decahedron and 
then fcc single crystal at larger size is due the competition between areal surface 
energy and volumetric strain energy embedded in MTPs. The tetrahedron subunits of 
regular fcc lattice do not form a complete space-filling microstructure and thus to 
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close up the angular misfit, the lattices are strained. The particles produced at -100 ºC  
(Fig. 4.1(a)) are small particles around 4 nm which are icosahedron, the particles 
produced at -170 ºC  (Fig. 4.1(b) are in the range of 5-20 nm and are mostly 





















Figure 4.26 Qualitative stability diagram of cluster with different microstructure 
motifs (adapted from 70) 
 
 
For large FePt nanoparticles, fcc single crystal is the most energetically favorable 
microstructure. The thermodynamically equilibrium 3-D microstructure of a small 
particle is the one with minimum total surface energy i
i
i AG ∑= γ , as given by 
Wulff’s theorem.110  The equilibrium 3-D microstructure of the fcc single crystal 
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Wulff’s construction at 0 K are known to be a valid prediction for the 
thermodynamically stable microstructures at large particle size, but it may not work 
for small particles due to the following reasons: 
 
(1) The energies of edge and corner atoms that have smaller coordination number 
are not taken into account.70 
(2) Higher index planes may not fit into small particles.68  
(3) The magnetic state of nanoparticle may also affect the anisotropy ratio 
between {111}, {100} and {110} which in turn changes the equilibrium 
microstructure.111 
 
By taking into account the first and second nearest-neighbor atomic interactions 
and depending on the metal species, the equilibrium 3-D microstructure of fcc 
particles can be truncated octahedron having only {111} and {100} as shown in Fig. 
4.27(a) or truncated cubooctahedron having {111}, {100} and {110} as shown in Fig. 
4.27(b). 111 {110} facets make the cubooctahedron rounder and thus truncated 















Figure 4.27 Energetically favorable microstructures for fcc single crystal (a) 
truncated octahedron; (b) truncated cubooctahedron 
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The anisotropy ratio of FePt atomic planes has been calculated and the 
thermodynamically-equilibrium 3-D microstructure for fcc single crystal is truncated 
cubooctahedron.112 However, when the nanoparticle is too small, the {110} high 
index facets may not fit into the nanoparticle. 
 
The size of transition from icosahedron to decahedron for noble or quasi-noble 
metal (single element) is < 2000 atoms, which is around 3 nm for FePt. An 
icosahedron therefore should be instable for a 6 nm FePt nanoparticle due to the large 
internal strain incorporated in the MTP. The large FePt icosahedron may be favored 
by the size mismatch in binary metallic system, which may release the strain113 and 
was found in AuFe system having icosahedron up to 6 nm experimentally.114  
 
Small decahedron with 5 nm size was found in particles produced at -170 °C as 
shown in Fig. 4.17 but not in particles produced at -100 °C.  The particles produced at 
higher temperature have a larger transition size from icosahedron to decahedron, thus 
favoring icosahedron compared to the calculated transition size based on energetics 
only (0 K). This may be explained by the entropic effect that icosahedron has smaller 
vibrational frequencies than decahedron.115
 
At larger size, besides the transition from icosahedron to decahedron, there are 
also some other microstructures which are more energetically stable than 
icosahedrons, such as bi-icosahedron/decahedron rod and truncated decahedron 
(hybrid between icosahedron and decahedron) shown in Figs. 4.22(a) and 4.22(b).  
The cyclic twinning microstructure beyond icosahedron and decahedron may indicate 
that there exist a more general polytetrahedron series.107 Rellinghaus et. al. also found 
that at larger size and high temperature, the observed transition microstructure was the 
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hybrid between the icosahedron and decahedron (elongated decahedron with 
icosahedron head).1 6  
 
However, energetics calculations have certain limitations as the energy calculated 
at 0 K is different from that at higher temperature, the anisotropic ratio between 
different facets changes with temperature and thus the resulting Wulff shape will be 
different from that calculated at 0 K. At higher temperature, the microstructures tend 
to be rounder.116
 
4.5.3 Kinetics origin of FePt nanostructures 
The transition from icosahedron to decahedron and decahedron to fcc single 
crystal is shown in Fig. 4.26. But how does the icosahedron transform to decahedron 
and how does the decahedron transform to truncated octahedron? There is no natural 
growth sequence from icosahedron to decahedron as icosahedron is not a fragment of 
a larger decahedron. Furthermore, the transition from icosahedron to decahedron will 
need reconstruction of atoms by melting.70 However, this energy may not be available 
during the cluster growth by inert gas cooling. Besides, there is also no direct 
transformation path from 5-fold twinned microstructure to fcc single crystal. The 
evolution of nanostructures must be explained in terms of kinetics of growth of 
certain microstructure motifs and not by the thermodynamics solely. 
 
Thermodynamically, only the truncated octahedron/truncated cubooctahedron or 
MTPs (cyclic twinning) are stable at large and small size respectively. Octahedron, 
triangular platelets, tetrahedron, cubooctahedra, platelets or rods were also found to 
form at -170 ºC but not at -100 ºC, as shown in Figs. 4.5(a) and 4.8 respectively but 
they are not thermodynamically favorable microstructures. These microstructures 
confirmed that the 3-D microstructure of FePt nanoparticles was not solely controlled 
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by thermodynamics but also kinetics. To understand the kinetics, the cluster growth 
modes and the growth paths of each microstructure motif will be discussed as follows. 
 
Cluster growth modes 
Basically the cluster growth mode can be divided based on different criteria, such 
as whether the precursor is one or more than one (surface growth vs. coalescence) or 
the state of nanoparticles during growth (solid vs. liquid).70 
 
Based on the number of precursors, there are two growth modes, surface growth 
vs. coalescence. For surface growth, the particle can grow atom-by-atom, facet-by-
facet or shell-by-shell. For coalescence, they can be between liquid-liquid clusters, 
solid-liquid clusters and solid-solid clusters, the coalescence time varies for different 
modes and thus affects the final microstructures. If both of the initial particles are 
liquid, the coalescence product would be spherical; if the one of the constituent is 
solid and another is liquid, the products may end up with facets. If both of the initial 
particles are solid, the microstructure could be grainy, polycrystalline or with defects 
depending on the initial condition, the relative orientations and the size of the 
constituent particles.106, 117
 
Based on the state of nanocluster during growth, it can be divided into solid state 
growth vs. liquid state growth. If the cluster is liquid during growth, the final 
microstructure will be affected significantly by the parameters of cooling process such 
as cooling rate.  
 
In the following discussions, the growth path of icosahedron, decahedron/Marks 
decahedron, 5-fold twinned microstructures, fcc single crystal and defect 
microstructures are listed. However, not all of them can be applied for this system 
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because it depends on the metal species, which may have different atomic potential.118 
It also depends on the condition during the particle growth, such as vapor density and 
cooling rate. 
 
Growth paths for icosahedron 
(1) LiquidÆ icosahedron (solid) (at fast cooling, from core to surface),119 
(2) LiquidÆ icosahedron (solid) (at fast cooling, from surface to core),120 
(3) Icosahedron (solid) + atoms (shell-by-shell) Æ larger icosahedron (solid),70 
(4) Reconstructed Icosahedron (solid) + reconstructed icosahedron (solid) Æ 
reconstructed icosahedron (solid),121 
(5) Icosahedron (solid)Æ imperfect icosahedron (solid),113 
(6) Decahedron (solid) + hcp stackingÆ icosahedron (solid).70 
 
Growth paths for decahedron/truncated decahedron 
(1) LiquidÆ decahedron (solid) (slow cooling),12 0 
(2) Decahedron (solid) + atoms (shell-by-shell) Æ larger decahedron (solid),70 
(3) fcc (solid) + intersecting stacking fault Æ decahedron (solid),122 
(4) Icosahedron (solid)Æimperfect decahedron (solid),113 
(5) Icosahedron core (solid) + liquid shell (surface melting)Æ truncated 
decahedron core (solid) + liquid shell Ætruncated decahedron (solid).123 
 
The Marks decahedron in Fig. 4.13 is symmetrical while the Marks decahedron in 
Fig. 4.14(a) is asymmetric where some {111} reentrants were absent. Marks 
decahedron will be the most stable when it has square {100} facets. 124  But 
asymmetrical decahedron has been observed in experiments and thus the transition 
mechanism from solid icosahedron to imperfect decahedron may not be excluded. The 
general mechanisms for 5-fold twinned microstructures are shown in Fig. 4.28.105 
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Figure 4.28 5-fold MTP formation mechanisms (a) Atomic addition and then 
shell-by-shell mechanism, the number designate the number of atoms; (b) 
Tetrahedron stacking, the number designate the number of tetrahedron subunits; 
(c) Mobile microstructures; (d) Intergrowth from liquid to solid; (e) Sequential 
twinning (adapted from 10 5) 
 
 
As shown in Fig. 4.28(a), the shell-by-shell mechanism is a widely accepted 
model, but the stable structures at of FePt at 7 or 13 atoms were not investigated. 
They may be different from the Verfelmeier's series (tetrahedron to decahedron to 
icosahedron). For example, Au is planar up to 13 atoms, tetrahedron at 20 atoms;70 
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It would be difficult to imagine the growth of large tetrahedron as shown in Fig. 
4.8(a) is without a tetrahedron seed. Although the nuclei can be tetrahedron, the 
tetrahedron stacking mechanism as shown in Fig. 4.28(b) may not occur in SGC as 
the growth process happens in a very short time and is not very likely for 5 or 20 
tetrahedron subunits to join and distort to form a MTP. The mobile microstructures 
mechanism as shown in Fig. 4.28(c) may be observed under TEM for nanoparticles 
when the crystal structure are changing with time due to the illumination of electron 
beam. 
 
The intergrowth from liquid to solid mechanism as shown in Fig. 4.28(d) was 
supported by simulations of Au clusters. Simulation by Nam. et. al showed that  when 
Au liquid droplets at 1227 ºC was cooled down at a rapid cooling speed -170 ºC/ns, 
the solidification started from the surface while the core was still liquid/amorphous, 
the final microstructure would be icosahedron.1 20 On the other hand, if solidification did 
not start from the surface, the final cluster was either a decahedron or fcc single 
crystal. The surface to core mechanism may be applicable for particle through the 
nozzle that may go through adiabatic cooling during supersonic expansion.126
 
Fig. 4.28(e) shows the sequential growth twinning by the mis-stacking of atoms 
at atomic plane. This mechanism has a low growth rate to produce reentrant corner, 
which enables accelerated growth along the twin boundary. The evidence of 
sequential twinning was also found in these experiments, as shown in Fig. 4.23. The 
formation of MTP by successive twinning on alternate cozonal twin planes was 
normally found in the thin film growth of SnO2, Ge and Ni.7 3 The formation of triple 
twin junctions is a decisive step that favors the 5-fold twinning. This mechanism 
could explain the formation of the FePt microstructure produced by SGC in Fig. 5(c) 
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in Ref 16. The center of the 5-fold symmetry axis is off-center and the tetrahedron 
subunits have very different size. Another mechanism is the stacking fault mechanism 
(the growth path of icosahedron from decahedron and decahedron from fcc) may not 
be excluded as stacking faults were directly observed in Figs. 4.24(a) and 4.25.  
 
Growth path for star decahedron 
Star decahedron was found in large particle around 15 nm as observed in Fig. 
4.19(a). The star disclination may be explained by the strain relaxation mechanism as 















Figure 4.29 Formation of star decahedron (b) from a Marks decahedron (a) 
(adapted from 127) 
 
 
This was explained by Cheng et. al to accommodate the large volumetric strain 
energy of decahedron with  7.5° angular gap.12 7 The reentrant corners in Marks 
decahedron are favorable and permanent sites for generating new steps where lateral 
growth can proceed at the center of the edge. However, the growth at the center of the 
edge is not energetically favorable at large size due to the volumetric distortion of the 
lattice and thus a stress-induced growth mechanism will proceed as shown in Fig. 
4.29(b).  Interestingly, the particle observed in Fig. 4.13 is also around the same size 
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as Fig. 4.29(b) but it was a Marks decahedron. This observation again shows that the 
final microstructures are not solely affected by thermodynamics but also kinetics. 
 
Growth paths for fcc single crystals 
(1) Liquid Æ fcc (slow cooling),119, 120 
(2) Liquid ÆIcosahedronÆ fcc with stacking faults (intergrowth)Æ fcc,11 9 
(3) Liquid (spherical)Æcubooctahedron (spherical),128 
(4) Icosahedron (solid) + icosahedron (solid) Æ fcc with intersecting stacking 
faults Æ fcc (solid),129 
(5) Decahedron (solid) + decahedron (solid)Æ fcc with intersecting stacking faults 
Æ fcc (solid),130 
The last mechanism was reflected in Fig. 4.25. As shown in Fig. 4.25, the particle 















Figure 4.30 Growth of fcc octahedron from intergrowth of decahedron, the black 
arrows indicate the atomic-scale reentrant corners, which act as preferred site 
for surface nucleation (adapted from 13 0) 
 
According to Van de Waal, the atomic arrangement in the crossing region is not a 
result of cross-twinning, but the origin.13 0 The fcc crystal growth was formed by 
intergrowth or coalescence of decahedron with 5-fold symmetry. This is shown in Fig. 
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4.30, where the combination of two decahedrons through relaxation, has resulted an 
extra stacking fault that reduce the total surface area of incoherent grain boundaries. 
 
The truncated octahedron in Fig. 4.5(b) was asymmetric. The asymmetric may 
due to the facet-by-facet growth mode or by the intermediate faulted microstructure as 
explained by T. Ikeshoji.11 3 For Al clusters, the regular oscillations in the mass spectra 
by a quantity of δN1/3 are attributed to that of the octahedron grow from truncated 
octahedron by addition of a single close-packed layer on one of the eight facets of the 
truncated octahedron at a time at low temperature.131 The asymmetric occurs when 
new facet grows on octahedron, the new facet is identical to it neighboring facets and 
thus highly unlikely to grow octahedron shell-by-shell.132 The truncated tetrahedron 
was also asymmetric as shown in Figs. 4.8(a) and 4.9(a) 
 
Growth paths for defect microstructures 
(1) Icosahedron (solid) + icosahedron (solid) Æ imperfect fcc (solid),11 7 
(2) LiquidÆ Icosahedron (solid) Æ imperfect fcc (solid),113 
(3) Decahedron (solid) + decahedron (solid)Æ fcc with intersecting stacking 
faults,130 
(4) fccÅÆ fcc  with stacking fault (small difference in energy between both 
microstructures),122,  133 
(5) MeltÆ cubooctahedra with multiple stacking faults,128 
(6) Polytetrahedron mode.1 0 7 
 
The defect microstructure of fcc single crystal with stacking faults may be the 
intermediate between icosahedron to fcc single crystal or decahedron to fcc single 
crystal. If the initial particle is fcc structure, then the stacking fault may still occur as 
the there is small difference between the hcp and fcc stacking (mechanism 4).1 3 3 For Al, 
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cluster of sizes shown 
enhanced stability while only clusters with sizes  are purely 
fcc, clusters with size  are structures with stacking faults. 
The clusters microstructure T1 with sizes 58-60 and 99-100 have is a tetrahedron with 
stacking faults on all [111] directions. This may explain the growth of triangular 
platelets and truncated tetrahedron, which is shown in Figs. 4.8(a), 4.8(b) and 4.9, 





In summary, the microstructure transitions between icosahedron, decahedron and 
fcc single crystal is not as straightforward as stated in Fig. 4.26 where certain 
microstructure motifs are preferentially grown at certain size range due to the 
complexity of the growth paths:  
(1) The particles can growth by surface growth mode and also by coalescence 
mode. 
(2) There exist growth paths from liquid to icosahedron, decahedron and fcc. 
(3) There exist growth paths from icosahedron to decahedron, from icosahedron 
to fcc, from decahedron to fcc, from decahedron to icosahedron, and from fcc 
to decahedron. 
 
4.5.4 Effects of supersaturation 
The particle with strong {111} facets such as tetrahedron and octahedron could 
not be explained by thermodynamics. The evolution of the microstructures formed at -
170 ºC could be explained by the effects of supersaturation on the surface growth 
mode.134 For the octahedron, {111} is exposed as its growth rate is smaller than 
{100}. This may be explained as the chances of surface nucleation on 4-fold 
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coordinated sites {100} planes is nearly 60 times greater than a 3-coordinated sites 
{111} when MTT 4.0~  (Tm is the melting temperature).13 0 
 
If the above argument is valid, how would the cubooctahedra with large {100} 
facets grow? It may be explained by the growth model “from liquid to 
cubooctahedra”. As the cubooctahedra is the roundest shape among the fcc single 
crystals, when the molten nanoclusters solidify, it preserves the spherical shape. But, 
if the {100} outgrow the {111} during the surface growth mode, truncated octahedron 
or octahedron will be the final form instead of cubooctahedra. This could be explained 
by the existence of groove as shown by the white arrow in Fig. 4.6, this groove was 
also observed in the cubooctahedra particles produced by solution phase method.1 0 1 The 
grooves are also 4-coordinated or 5-coordinated site, which then become the favorable 
nucleation sites. In addition, these grooves are obstacles to surface diffusion, which 
increase the local residence time of an atom significantly and make it an effective sink 
and thus the particle preserves the {100} facets. 
 
As shown in Figs. 4.8(b) and 4.8(c), the platelets or rods are growth forms. The 
particle I in Fig. 4.8(c) resembled a rod or platelet with twinned microstructure 
(different contrast between top and bottom). The tablets (triangular or hexagonal) and 
needle forms (elongated decahedron, reentrant grooves, {100} or {111} twin) of 
silver halides such as AgBr and AgCl were observed by SEM and TEM extensively. 
Both tablet or needle forms are anisotropic forms when the growth rate is faster in one 
direction than the others, which is due to the twin-accelerated growth.135, , , 136 137 138 
The illustration of tabular forms with two parallel twin planes is shown in Fig. 4.31.  
 
The example of twinning is illustrated in Fig. 4.31(b), the twinning is formed by 
the stacking faults. The perfect fcc stacking is (ABC)(ABC)(ABC)…. The stacking 
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faults make the atomic planes which are marked with dash line become a “mirror 
plane” where the atomic configurations are symmetric with respect to the mirror plane 
or call “twin plane”. The anisotropic growth of the tablet form is due to the preference 
of surface nucleation on sites with higher coordination number. This preference 






























































Figure 4.31 (a) Illustration of a hexagonal platelets of fcc with two parallel twin 
planes (adapted from 139 ); (b) Illustration of twin formation by 2 parallel 
stacking faults, the dash lines represent the twin planes (adapted from 140); (c)-(f) 
Possible configuration of the twins as seen in a <110> projection; the dash lines 
represent the twin planes (adapted from 134) 
 
For example in Fig. 4.31(b), the reentrant corner site P has 4 coordinate sites 
while site P and normal {111} site only have 3 nearest neighbors. The substeps and 
reentrant corners are the growth promotion centers. These substeps form steps on the 
{111} faces and increase the growth rate of the crystal along its edge than the top and 
thus result into a tablet form.  A-type twin lamella, B type twin lamella, screw 
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dislocation and stacking fault mechanisms are some of the mechanisms for 
anisotropic growth, and they have different activity at different supersaturation. The 
important facts in these mechanisms is that the twins, screw dislocations and stacking 
faults serve as self-perpetuating step sources when a new layer is grown, the 
microstructure remain to have sites where preference of surface nucleation is 
preserved and thus the microstructure outgrows in one direction than the other.140 
 
The platelets microstructure is only found in samples growth at -170 ºC  but not 
at -100 ºC . The twinned microstructures can be seen in Fig. 4.24, which is further 
illustrated in Fig. 4.32(a), the stacking faults are marked by the white arrows. The 





















Figure 4.32  (a) HRTEM image of a MTP with stacking faults; (b) Side view of a 
MTP with {200} and {111} truncations 
 
The microstructures evolution could be explained as follow:141 for fcc single 
crystal, as supersaturation increased, the {100} facets outgrew the {111} facets and 
thus octahedron was grown; above a certain critical surface supersaturation1 38 (which 
could be achieved at low temperature in these experiments), twinning occurred and 
anisotropic forms such as tablets or rods were formed.  
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4.5.5 Reasons for the formation of different microstructures 
The particles produced at -170 ºC and -100 ºC were quite different. The particles 
grown at -100 ºC were small (~ 4 nm) icosahedron, while the nanoparticles produced 
at -170 ºC were larger and had different 3-D microstructures.  
 
For particle formed at -100 ºC, as nanoparticles are known to have lower melting 
point at smaller size.12 1 When the 2 small clusters that were still in molten state 
coalesced, the coalesced particle would be able to reorganize and reduce the surface 
area, resulting in spherical particles with low surface fraction and forms icosahedron, 
when the cooling was insufficient. Another possibility was that the nanoparticles 
formed at -100 ºC were still in the molten state and the temperature of the particles 
formed at -100 ºC were greater than those formed at -170 ºC,10 9 during the adiabatic 
expansion through the nozzle1 26 the surface induced condensation at a fast cooling rate 
could result in icosahedron.120 
 
For particles produced at -170 ºC, the FePt atoms lost their energy by colliding 
with the cold inert gas and nucleation started from the core; thus, fcc or decahedron 
was formed. When the particles are already a solid with strong facets during growth, 
the coalescence between two particles is slower as the flat surface form barrier for 
diffusion.1 17 The coalescence between solid-solid or solid-liquid particles may lead to 
defective microstructure observed at this temperature.1 17 The existence of twin or 
stacking faults may further accelerate the anisotropic growth. 
 
The existence of different sizes and 3-D microstructures in Fig. 4.1(b) may also 
be related to the statistical distributions of 3-D microstructures in a rapid growth 
condition far from equilibrium,6 9 varying temperature distribution, supersaturation 
distribution and flow pattern in different zones in the deposition system.108, 110  
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As mentioned in Chapter 2, the interesting phenomenon for the microstructures of 
FePt is that most nanoparticles produced by SGC were icosahedron and decahedron 
up to the size of 6 nm and only some of them are fcc single crystal (cubooctahedron), 
whereas nanoparticles produced by solution phase method were mostly fcc single 
crystal starting from the size of 3 nm.1 0 1 This may be explained by the growth in 
different media (liquid and gas phase). In the liquid, the energetical advantage of 
icosahedron over fcc single crystal is reduced because the energetical advantage 
originates from the difference in surface energies in vacuum, which is likely to be 
more pronounced in vacuum.9 6 In other words, the liquid medium modifies the surface 
energy of growing particles. 
 
It is not straightforward to produce cubic FePt nanoparticle by SGC for the 
following reasons: 
(1) Icosahedron is commonly produced but they are not single crystal and thus it 
is not favorable for magnetic recording due to the distribution of easy axes. 
(2) If fcc single crystals are produced, the thermodynamically favorable 
microstructure is truncated octahedron and not cubic microstructure. 
(3) If fcc single crystals are produced, the kinetically favorable microstructure is 
octahedron and not cubic microstructure. 
 
 Further efforts to produce small, uniform and unique 3-D microstructure FePt 
single crystal is important, and this may be more easily achieved by wet chemistry, 
which controls the anisotropy ratio of different facets and the size of the particle.142 In 
addition, the effects of possible compositional variations of FePt on particle 
microstructure143 and surface segregation warrant further study. The snapshots of the 
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all the transformations between different microstructure motifs are summarized in 
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Figure 4.33 Summary of transformation paths between microstructure motifs in 
SGC 
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4.6 Summary 
The 3-D microstructures of FePt nanoclusters were studied using various TEM 
techniques, such as bright field, dark field, HRTEM, weak beam dark field and FFT 
pattern. Most particles formed at -100 ºC were icosahedron. The particles formed at -
170 ºC had different microstructures such as fcc single crystal (cubooctahedron, 
cubooctahedra, truncated octahedron and octahedron), cyclic twinning 
microstructure/polytetrahedron particle (icosahedron, decahedron, Marks decahedron, 
star decahedron, truncated icosahedron and bi-icosahedron), lamellar twinning 
microstructures (including platelets and rods) and defective microstructure (twin 
junctions, faulted truncated octahedron and incomplete coalescence poly-particle). 
 
The various particles with similar outline shapes were differentiated. For 
example, octahedron/truncated octahedron vs. decahedron, singly twinned particles 
vs. Marks decahedron, cube vs. octahedron and cubooctahedra, triangular platelet vs. 
truncated tetrahedron, star decahedron vs. mono-crystalline star particle and faulted 
truncated octahedron vs. Marks decahedron. 
 
The cooling temperature of growth chamber, flow pattern, supersaturation, 
cooling rate, surface energy or interface energy, strain, defects or stacking faults, 
cluster growth mode, growth kinetics and size are the factors that may affect the final 
microstructures. The final microstructures may not be the most thermodynamically 
stable microstructures but were those that can be accessed by certain kinetics at the 
local minimum.  
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Chapter 5 On-line heating of FePt nanoclusters 
5.1 Introduction 
The as-deposited FePt nanoclusters were fcc and it would be desirable to induce 
phase transformation from fcc phase to fct phase through on-line annealing in gas 
phase (prior to deposition onto substrate) to prevent grain growth and agglomeration 
during post-deposition annealing.12, 13 SGC combined with on-line heating is a 
potential method to produce small L10 FePt nanoparticles. The effects of the on-line 
heating on the microstructure and magnetic properties of the FePt nanoparticles with 
different 3-D microstructures will be discussed in this chapter. 
 
5.2 Experimental setup 
The experimental setup in this chapter was similar to that in chapter 4; the only 
difference was that the on-line heater during the experiments described in chapter 4 
was switched off, while the on-line heater in these experiments was set at temperature 
up to 800 °C. The FePt particles were deposited on carbon-coated Cu grids for TEM 
observations or silicon substrates for XRD and AGFM measurements. The 
microstructures of the FePt nanoparticles and nanoparticle-assembled films were 
characterized by Philips Expert XRD using Cu Kα irradiation and Philips CM 300 
HRTEM and JEOL 3010 HRTEM. The magnetic properties were examined by 
Princeton MicroMag AGFM. 
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5.3 Results and discussions 
5.3.1 Effects of on-line heating and cooling temperature of growth chamber 
Figs. 5.1(a) and 5.1(b) show the BF TEM images of FePt nanoparticles formed at 
-100 ºC without on-line annealing (on-line heater off, temperature at room 
temperature (RT)) and with on-line annealing at 800 ºC, respectively. Both the 
particles with and without on-line annealing were equiaxed. The mean particle size 






















Figure 5.1 (a) BF TEM image of FePt nanoparticles formed at -100 ºC, without 
on-line annealing; (b) BF TEM image of FePt nanoparticles formed at -100 ºC, 
with on-line annealing at 800 ºC; (c) and (d) are the corresponding SADPs of (a) 
and (b); (e) and (f) are the particle size distribution of (a) and (b) 
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The particle size distribution was carried by calculating 100 non-overlapping 
particles to remove the errors from counting from particles that agglomerate. The 
corresponding SADPs of the nanoparticles without and with on-line annealing are 
shown in Figs. 5.1(c) and 5.1(d), respectively. 
 
For particles without on-line annealing, the SADP consisted of a broad halo, 
indicating the repeating unit which contributed to the diffraction was small and thus 
the long-range order (LRO) was poor.86 The (111), (200), (220) and (311) diffraction 
rings were clearly observed for the particles on-line annealing at 800 ºC, showing 
higher degree of crystallinity. The absence of superlattice diffraction rings confirmed 
that the fcc phase was predominant. 
 
Figs. 5.2(a) and 5.2(b) show the BF TEM images of FePt nanoparticles formed at 
-170 ºC without annealing and on-line annealing at 800 ºC, respectively. The 
corresponding SADPs of Figs. 5.2(a) and 5.2(b) are shown in Figs. 5.2(c) and 5.2(d), 
respectively. The particles with and without on-line annealing had similar shapes and 
size distributions. The 2-D projections of the particles were polyhedral, including 
triangle, square, rhombic, hexagon and etc., for both cases with or without on-line 
annealing. The particle size was not calculated in Fig. 5.2 because the volume of the 
particles may be different for triangular platelets, tetrahedron particles and etc. Thus, 
the effective diameter could not be calculated as compared to Fig. 5.1 where the 

























Figure 5.2 (a) BF TEM image of FePt nanoparticles formed at -170 ºC, without 
on-line heating; (b) BF TEM image of FePt nanoparticles formed at -170 ºC, with 
on-line annealing at 800 ºC; (c) and (d) are the corresponding SADPs of (a) and 
(b)  
 
5.3.2 Effects of different microstructures and transformations between them on 
LRO 
Comparing the particles formed at -100 ºC, the size of those particles formed at -
170 ºC drastically increased with a broadened size distribution. As discussed in the 
previous chapter, part of the reason may due to the increase of sticking coefficient at 
low temperature. Besides, with higher degree of supersaturation, some twin nuclei 
were generated and there was preferential growth of adatoms onto the grooves or 
reentrants. The higher degree of supersaturation therefore increased the anisotropic 
growth rate of the particle and thus the particle grew larger.  
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In addition, the (111), (200), (220) and (311) diffraction rings were clearly 
observed even though the FePt particles were not on-line annealed. This was related 
to the microstructures of the particles. The particles in Fig. 5.1(a) were mostly 
icosahedron with low crystallinity while the particles in Fig. 5.2(a) were mostly 
decahedrons, fcc single crystals or fcc twins which has higher degree of crystallinity 
as discussed in the previous chapter. As shown in Figs. 5.2(a) and 5.2(b), on-line 
annealing resulted in the increased crystallinity as reflected by the increased intensity 
of the diffraction rings. The nanocluster-assembled films were also examined by XRD 
and are shown in Fig. 5.3. 
 
The FePt particle assembly formed at -100 ºC without on-line annealing did 
not show FePt diffraction peak (Fig. 5.3(a)), indicating the crystallinity of the particle 
was low, as they were small icosahedron which was made up of 20 tetrahedron 
subunits. Therefore, the LRO of nanoparticles was too poor to be within the resolution 
of the XRD machine. With on-line annealing, the (111) and (200) FePt peaks 
appeared (Fig. 5.3(b)). From the BF TEM image in Fig. 5.1(b), it can be seen that the 
particles formed large agglomerates and sintering between particles occurred due to 
increased diffusion at high temperature and led to improved LRO. As for the FePt 
particles assemblies formed at -170 ºC, the (111) and (200) FePt peaks were observed 
as shown in Fig. 5.3(c) as compared to the particles formed at -100 ºC (Fig. 5.3(a)). 
This can be explained by the particle size and particle 3-D microstructures. The 
particles formed at -100 ºC were icosahedron with diameter of 4 nm, each subunit 
would be at most 2 nm; as each tetrahedron subunit has 1 face on the surface and the 



















































































Figure 5.3 XRD θ-2θ scans of th
particles formed at -100 ºC withou
at -100 ºC with on-line annealing a
without on-line annealing; (d) Fe
annealing at 800 ºC 
 
But for the particles formed 
much larger size. The octahedron
truncated tetrahedron were all single
better fcc LRO. As the size of part
were seldom observed and the MTPs 
2θ (degree)
e assemblies at different conditions (a) FePt 
t on-line annealing; (b) FePt particles formed 
t 800 ºC; (c) FePt particles formed at -170 ºC 
Pt particles formed at -170 ºC with on-line 
at -170 ºC, there were mixed microstructures of 
, truncated octahedron, triangular platelet and 
 crystals or lamellar-twinned crystals which have 
icles formed at -170 ºC was larger, icosahedron 
 observed were decahedron. The decahedron has 
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only 5 tetrahedron subunits which has total 10 faces at surfaces and 10 faces at the 
twin boundaries. The less number of atoms at surfaces and interfaces plus larger 
particles can explain the better LRO as observed in Fig. 5.3(c) as compared to Fig. 
5.3(a).1 28 
 
Comparing Fig. 5.3(d) to 5.3(c), the particles formed at -170 ºC followed by 
on-line heating at 800 ºC showed increased LRO. Comparing the particle size in Fig. 
5.2(b) to Fig. 5.2(a), it did not increase significantly; the particle density and the 
degree of agglomeration were about the same but the diffraction ring in Fig. 5.2(d) 
was not as diffuse as Fig. 5.2(c). This may be explained by the transformation of 
microstructure motifs by on-line annealing. Either icosahedron (which was small 
population in this sample) changed to decahedron or fcc single particles, or the 
decahedron (large populations) changed to fcc single crystal. Rellinghaus et. al 
reported that the icosahedron was not found at increasing size and temperature by on-
line heating. Instead, it transformed to a transition type microstructure between 
icosahedron and decahedron16 or transformed to fcc single crystal by ion-beam 
irradiation.6 3  
 
For the case of particles formed at -100 ºC, as the microstructure of particles 
formed at -100 ºC without on-line annealing was shown in the previous chapter to be 
mainly icosahedron. The HRTEM images of the nanoparticles on-line annealed at 500 
ºC and 700 ºC are shown in Fig. 5.4. As seen in Fig. 5.4(a) the particles annealed at 
500 ºC showed the typical HRTEM contrast of icosahedron particles as shown in the 
previous chapter. For the particles annealed at 700 ºC, some of them remained as 
icosahedron, while some of them had transformed to fcc single crystal and decahedron 
that had a higher degree of LRO than icosahedron. The formation of decahedron was 
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Figure 5.4 HRTEM images of FePt nanoparticles formed at -100 ºC and on-line 
annealed at (a) 500 ºC; (b) 700 ºC  
 
To transform solid icosahedron to solid decahedron or fcc was not 
straightforward as there is no growth sequence for these transformations and thus a 
complete rearrangement of atoms needs to be carried out.7 0 The decrease of melting 
temperature of nanomaterials is a well-known phenomenon, the melting point of bulk 
FePt alloy is 1500 ºC-1755 ºC, for the small particles, the surface melting may occur 
at temperature lower than the bulk melting point (e.g. > 700 ºC). The molten state 
may be supported by Rellinghaus data where the particles annealed at higher 
temperature were rounder;1 3 the particles at high sintering temperature may turn into 
liquid which have spherical shape that have smallest surface energy. The icosahedron 
particles may be a kinetically trapped form in SGC because it was rapidly cooled by 
the adiabatic cooling when the particles passed through the small orifice. The 
icosahedron may also grow from the hcp island stacking on decahedron.  In the 
previous chapter, it was discussed that the size mismatch between binary alloy system 
stabilize the large icosahedron as simulated by Saha et. al. In these experiments, the 
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small particles could have melted in the on-line heating chamber; they were allowed 
to cool down slowly from the liquid phase and thus the microstructures 
(decahedron/fcc single crystal) were more likely to be the thermodynamically 
favorable forms.7 0 Thus whether the large icosahedron was caused by the large 
mismatch between Fe and Pt or due to the large cooling rate during adiabatic cooling 
through a small orifice warrants further investigation. 
 
Another possible route for transformation of microstructure motifs was through 
coalescence.1 21 When two particles came into contact they formed neck and the surface 
energy was released, the temperature raised rapidly and the two particles may melt 
and coalesce into one particle. The final microstructure of the particles may be 
different from icosahedron, depending on the cooling rate.  
 
5.3.3 Caution of using XRD for grain size estimations for ultrafine nanoparticles 
The disagreement between FWHM in the XRD scan with the particle size in BF 
TEM was observed by comparing Fig. 5.1, Fig. 5.2 and Fig. 5.3. The BF TEM images 
show that the particle size was similar with and without on-line annealing, but the 
FWHM of the XRD peaks were very much different. The conventional method to 
estimate the particle size by the FWHM using Scherrer equation is based on the LRO 
(fcc). However, this method is not suitable for the small nanoparticles having 
microstructure motifs such as 5-fold cyclic twinning symmetry (icosahedron and 
decahedron) as the diffraction pattern are different from the fcc arrangement.144 XRD 
broadening measures the coherence length, i.e. the number of atomic planes of a set of 
(hkl). However, for the cases of MTP such as icosahedron and decahedron, they have 
20 and 5 fcc tetrahedron subunits. The XRD will give a smaller size estimation using 
Scherrer equation than TEM images for the multi-domain particles as the domains or 
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subunits are measured but not the whole particle size of the MTP.145 Thus, it should 
be pointed out that the use of FWHM in XRD or the broadness of diffraction ring in 
TEM for size estimation by conventional Scherrer equation may not be accurate for 
nanoparticles as this is also affected by the microstructure motifs.  
 
In Fig. 5.3, no superlattice peaks of L10 FePt phase such as (001) and (110) were 
observed. These XRD results were consistent with the SADP. However, it is worth 
noting that the (111) peak shifted to a high diffraction angle with the on-line 
annealing, irrespective of the particle forming temperature (cooling temperature of 
growth chamber). This was also observed in chemically synthesized FePt particles 
assemblies as the post-deposition annealing temperature was below 500 ºC,5 as a result 
of transformation from fcc phase to L10 phase of FePt with partial chemical ordering. 
Rellinghaus et. al has proposed “L10-icosahedron” but the L10 MTP that were 
observed in their experiments were actually decahedron-like particles or singly-
twinned particles around 6 nm.13,16 Thus whether the L10 icosahedron exist or not 
remains as an open topic. L10 requires the alternating layers of Fe and Pt stacked 
periodically, however it is difficult for Fe or Pt to diffuse within the icosahedron as 
icosahedron was made up of 20 tetrahedron subunits and there are many twin 
interfaces. Besides, the density of states, the thermal conductivity and diffusion 
behavior of MTP may be different from the microstructure with fcc LRO. 
 
5.3.4 Magnetic properties of on-line annealed FePt nanoparticles 
Fig. 5.5(a) shows the in-plane M-H loop of FePt nanocluster assembled film 
formed at -100 ºC without on-line annealing. Hc was close to zero, indicating the 
superparamagnetic state of FePt particles. Despite the higher degree of crystallinity of 
the FePt particle assembly formed at -170 ºC, those films were also 
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superparamagnetic without on-line annealing (data similar to Fig. 5.5(a) and not 
shown here). With on-line annealing, both FePt particle assemblies formed at -100 
and -170 ºC revealed ferromagnetic behavior as shown in Figs. 5.5(b) and 5.5(c). The 
Hc of particle assembly deposited from the on-line annealed particles was about 450 
and 600 Oe for formation temperature of -100 ºC and -170 ºC, respectively. The Hc 
value was also consistent with the chemically synthesized FePt nanoparticle 
assemblies post-deposition annealed below 500 ºC. This further confirmed that the 
FePt particles with the on-line annealing were partially chemically ordered. As for the 
enhancement of Hc with the decrease of the cooling temperature of growth chamber, it 
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Figure 5.5 In-plane M-H  loops of FePt particle assemblies (a) formed at -100 ºC 
without on-line annealing; (b) formed at -100 ºC with on-line annealing at 800 
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Considering thermal fluctuation, the size dependence of Hc for an assembly of 




















c                 [5.1] 
where Dp is the critical grain diameter for superparamagnetism. 
5.3.5 Reason for low Hc for on-line annealed FePt nanoparticles 
The Hc of particles produced by on-line annealing was generally quite low. This may 
be due to a few reasons: 
 
(1) The distributions of compositions in FePt particles:143 Some of the particles 
were either Fe-rich or Pt-rich, which were out of the ideal composition for 
formation of L10 phase (40-60% Fe). These composition distributions were 
observed in both particles produced by solution phase method and SGC. 
This may only explain the phenomenon partially as there will still be some 
particles at the right composition. 
(2) There is a critical size for ordering:148 The critical size calculated for fcc 
single crystal is 3 nm, this number might be larger for icosahedron (the 
LRO of icosahedron was poorer) and thus can explain the behavior of 
particles in Fig. 5.5(b) but this cannot explain the behavior of particles in 
Fig. 5.5(c) as some of them were fcc single crystals larger than 10 nm. 
(3) The efficiency of small particles to absorb infrared energy is low:64 The 
infrared energy from the heater is used to heat up FePt particles so that 
chemical ordering occur. The highest Hc measured at RT produced by SGC 
was obtained by Wang et. al at 1100 Oe, the distribution of magnetic 
anisotropy for FePt particles were due to the different absorption behaviors 
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of particles of different size and the low Hc was due to the inefficiency of 
particles to absorb the energy as the infrared light absorption for the FePt 
nanoparticles in their experiment was found to be wavelength dependent 
and specific IR source would be desired. Besides, the thermal conductivity 
behavior of MTP may also be different from microstructure with fcc LRO. 
(4) The actual temperature of the particles was lower than the annealing 
temperature: From the Fig. 5.3, the Hc of FePt particles with on-line 
annealing at 800 ºC was equivalent to the chemically synthesized FePt 
particles with post-deposition annealing below 500 ºC. The time of the 
particles flying through the on-line heating chamber was about 0.02 s. In 
such a short time, it would be difficult for the FePt particles and carrier gas 
to reach the thermal equilibrium state. The real temperature of the FePt 
particles should therefore be much lower than 800 ºC. In addition, the 
diffusion mechanism of MTPs may be different from those microstructures 
with fcc LRO. 
(5) There were other competitive processes: 63 Rellinghaus et. al has reported 
the FePt particles irradiated by He ion beam were transformed to fcc or 
decahedron rather than L10, this may explain the phenomenon in Fig. 5.4(b) 
and the ordering of nanoparticles may possibly need to go through from the 
following routes: 
(a) Icosahedron (Æliquid) ÆfccÆpartially L10 single crystal, 
(b) Icosahedron (Æliquid)ÆdecahedronÆfccÆpartially L10 single crystal, 
They may also exist transformation path from icosahedron to L10 
decahedron, 
(c) Icosahedron (Æliquid) ÆdecahedronÆ partially L10 decahedron. 
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As reviewed in Chapter 4, there are few mechanisms for the formation of 
decahedron from icosahedron: 
(a) IcosahedronÆLiquidÆ decahedron (solid) (slow cooling),120 
(b) Icosahedron (solid)Æimperfect decahedron (solid),113 
(c) Icosahedron core (solid) + liquid shell (surface melting)Æ truncated 
decahedron core (solid) + liquid shell Ætruncated decahedron (solid).1 23 
The last mechanism requires only surface melting, which needs much less 
energy than other mechanisms that may need a full rearrangement of atoms. 
 
5.3.6 Concern about producing L10 FePt by SGC and on-line annealing 
The possibility of producing small cubic L10 FePt nanoparticles using the 
combination of SGC and on-line heating warrants further investigations due to the 
following reasons: 
(1) The transition size from icosahedron to cubic, or decahedron to cubic was 
unknown. At the size of 3 nm, the favorable microstructure may not be a 
single crystal. 
(2) If the particle at small size without on-line annealing was a single crystal, 
the thermodynamically stable form would be a truncated octahedron and 
the kinetically driven form (at large supersaturation normally occurred in 
SGC) was octahedron/platelets but not cube. 
(3) If it is able to produce a small cubic FePt nanoparticle before on-line 
heating, the particle may not be cubic anymore after melting. 
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5.4 Summary 
The effects of on-line annealing on chemical ordering, microstructures and 
magnetic properties of FePt nanoparticles produced by SGC were investigated. FePt 
nanoparticles were equiaxed or polyhedral at the cooling temperature of growth 
chamber at -100 and -170 ºC, respectively. With on-line annealing, the crystallinity of 
the FePt particles improved and the particles were partially chemically ordered. Both 
FePt particle-assembled films showed ferromagnetic behavior as a result of on-line 
annealing. The polyhedral FePt particle assemblies also showed increased Hc due to 
larger grain size. During the on-line heating event, the small icosahedron might melt 
as the melting point decreases at small size; some of the particles might solidify into a 
thermodynamically favorable microstructure such as decahedron or fcc. Thus, the 
commonly observed FePt icosahedron produced by SGC may be due to the kinetically 
trapped form at large cooling rate by adiabatic cooling through the small orifice. 
There is also a need to investigate the efficiency of on-line heating especially for 
small nanoparticles. Lastly, the thermal conductivity and diffusion mechanism in 
MTP need more study. 
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6.1 Introduction 
FePt alloy is a potential candidate for ultrahigh density magnetic recording due to its 
high Ku. By using suitable volume fraction of SiO2, intergranular interaction between 
FePt nanoparticles can be reduced. In addition, agglomeration or grain growth during 
post-deposition annealing can be simultaneously prevented.7, 8 The effects of both 
volume fraction of SiO2 matrix, annealing temperature and annealing time on 
magnetic and microstructural properties of FePt-SiO2 were studied.  
 
6.2 Experimental details 
The working principle of SGC system was shown in Chapter 3. In the source 
chamber the building blocks, FePt nanoparticles were generated at a high pressure of 
0.1-1.0 Torr. The FePt clusters were then ejected through a nozzle, and directed into 
the deposition chamber by differential pumping.  
 
The samples, consisted of SiO2 (3 nm)/[FePt (3 nm)/SiO2 (t nm)]4 times/SiO2 (3 
nm), where t is the thickness of SiO2. FePt nanoclusters and SiO2 layers were 
deposited alternatively on Si (100) single crystal substrates. RF sputtering was used 
for the deposition of SiO2 layers. The volume fraction of SiO2 was adjusted by 
varying the thickness of SiO2 and t varied from 0.75-3 nm. The corresponding volume 
fraction of SiO2 in the films ranged from 20-50%. The base pressure of the deposition 
chamber was 1.8 × 10-7 Torr. The sputtering power for FePt target was fixed at 200 
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W. The atomic composition of FePt was determined by inductively coupled plasma-
optical emission spectrometer, giving the composition of Fe54Pt46. 
 
Post-deposition annealing of the deposited films was carried out to induce phase 
transformation of FePt from the low-Ku  fcc phase to the high-Ku fct phase in order to 
achieve high Hc. The samples were annealed at 550, 600, 650 and 700 °C, for 10 
minutes (mins) in a 95% Ar-5% H2 environment, respectively. Magnetic properties 
were measured by Princeton MicroMag AGFM with a maximum applied field of 20 
kOe. Microstructural properties were examined using Philips Expert XRD with a Cu 
Kα source and JEOL 3010 HRTEM. 
 
6.3 Results and discussions 
6.3.1 Cluster size and distribution of as-deposited FePt nanoclusters 
The BF TEM images in Fig. 6.1 show the control of cluster size and size 
distribution of the bare FePt clusters (without SiO2). While keeping other parameters 
constant, increasing the flow rate of Ar from 50 to 150 sccm led to a larger average 
cluster size (3-4 nm) and a higher deposition rate. The increase in flow rate generates 
a higher pressure and decreases the mean free path of sputtered atoms, thus increasing 
the probability of collisions between atoms.149 The SADP in the inset of Fig. 6.1(b) 
indicates that the FePt clusters were fcc and randomly oriented. The mean size of as-
deposited FePt clusters in the FePt-SiO2 nanocomposite films was ~ 3 nm (standard 











































Std. Dev. = 0.6
Figure 6.1 (a) BF TEM image of FePt clusters, sccmvAr 50= , ,       
, inset is the size distribution; (b) BF TEM image of FePt clusters, 
, , , inset is the SADP 
sccmvHe 100=
WP 200=
sccmvAr 150= sccmvHe 100= WP 200=
 
 
In order to examine whether the deposition of SiO2 affected the microstructure of 
FePt, the microstructure of SiO2 (5 nm)/FePt (5 nm)/SiO2(5 nm) was studied and is 
shown in Fig. 6.2. For the circles A (FePt concentrated areas) and circle B (SiO2 
areas) in Fig. 6.2(a), nanobeam diffraction were performed and the corresponding 
nanobeam diffraction patterns (NBDP) are shown in Figs. 6.2(c) and 6.2(d). 
 
As seen in Fig. 6.2(b), most of the bright parts in the particles were smaller than 
the particle size in Fig. 6.2(a) and they showed the butterfly contrast, indicating the 
particles were icosahedron same as the bare FePt nanoparticles. From the NBDP, the 
FePt particles showed diffraction rings and SiO2 was amorphous. Normally for 
NDBP, the diffraction pattern should be spotty rather than continuous, but the 
assumption was each particle was single crystal. In Fig. 6.2(a), there were around 10 
FePt particles in the white circle. Each particle was icosahedron that was made up of 
20 tetrahedron subunits, thus it can be considered as around 200 “grains” that were 
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under examination.  The NDBP resembled the SADP which was continuous. Noted 









































Figure 6.2 (a) BF TEM image of SiO2 (5 nm)/FePt (5 nm)/SiO2 (5 nm), A is the  
FePt concentrated areas, B is the area without FePt; (b) DF TEM image of SiO2 
(5 nm)/FePt (5 nm)/SiO2 (5 nm); (c) NDBP of FePt concentrated area; (d) NDBP 
of SiO2 area 
 
6.3.2 Magnetic properties of annealed FePt-SiO2 nanocomposite films 
All of the FePt clusters in the as-deposited nanocomposite films were 
superparamagnetic as they were small icosahedron grains with low Ku. After 
annealing, the Hc increased. The annealed samples showed similar M-H loop for both 
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in-plane and out-of-plane directions, confirming the random orientation of FePt 
particles before and after annealing. The typical M-H loops of the samples are shown 
in Fig. 6.3. The FePt-20% SiO2 sample annealed at 700 °C for 10 mins showed a kink, 
suggesting the co-existence of hard and soft magnetic phases,150 while the FePt-50% 
SiO2 sample annealed at 700 °C for 10 mins showed a more uniform reversal.  


















Figure 6.3 M-H loops of FePt-20% SiO2 and FePt-50% SiO2 nanocomposite films 
annealed at 700 °C for 10 mins 
 
The Hc measured with the maximum field of 20 kOe of the annealed samples are 
shown in Fig. 6.4. For the 0% SiO2 sample, the Hc of all samples annealed at 
temperature below 700 °C are higher than samples with SiO2 as matrix, but the Hc 
drop after annealing at 700 °C, which was probably caused by the oxidation or change 
in magnetization reversal mechanism and thus the data is not shown. Besides, the 
focus of the project was on reducing the exchange coupling which needed matrix to 
separate the magnetic grains and thus the 0% sample was not looked into. For the 
samples with 20% and 33% SiO2 annealed at 700 °C for 10 mins, the applied field did 
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not saturate the samples. The actual Hc should be even higher than the value shown 
(10 kOe). The nanocomposite films showed an increase in Hc with increasing 
annealing temperature and decreasing SiO2 fraction when annealed for the same time. 
The increase in Hc after annealing at high temperature may be related to phase 
transformation from low-Ku  fcc phase to high-Ku  fct phase.  
 


















Figure 6.4 Hc of FePt-SiO2 nanocomposite films with various SiO2 volume 
fractions annealed for 10 mins at different temperature 
 
Optimum volume fraction of the SiO2 matrix can provide isolation and prevent 
grain growth during annealing and hence reduce magnetic interactions between the 
grains. The Mr/Ms ratio is an indicator of interactions between the magnetic grains151 
and is shown in Fig. 6.5. For non-interacting Stoner-Wohlfarth particles with 3-D 
random easy axis distribution, the Mr/Ms is 0.5; with the increase of packing fraction 
of the magnetic grains, the remanence ratio can increase from 0.5 to 1.0.1 51 For FePt-
40% SiO2 and FePt-50% SiO2 samples annealed up to 650 °C, the remanence ratio 
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was less than 0.5, indicating that a significant amount of the particles were still in the 
superparamagnetic state due to the small grain size and poor ordering. As the 
annealing temperature increased, the ordering improved and more FePt grains 
changed from superparamagnetic to ferromagnetic. The increase of remanence ratio 
was related to the increase of exchange interactions by cluster agglomerations. 




















Figure 6.5 Remanent squareness of FePt-SiO2 nanocomposite films with various 
SiO2 volume fractions annealed for 10 mins 
 
For the FePt-20% SiO2 and FePt-33% SiO2 samples, the remanence ratio 
increased with the annealing temperature, indicating increased interactions between 
FePt particles. The higher exchange coupling may be due to agglomeration and 
interconnection between FePt particles after annealing.  
 
6.3.3  Microstructures of annealed FePt-SiO2 nanocomposite films 
Fig. 6.6 shows the XRD θ-2θ scans of FePt-20% SiO2 sample after annealing at 
different temperatures. The FePt (111) peak became stronger and shifted to a higher 
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diffraction angle with increasing annealing temperature, indicated the enhancement of 
ordering. The FePt (001) superlattice peak was observed when the annealing 








































Figure 6.6 XRD θ-2θ scans of FePt-20% SiO2 nanocomposite films annealed at 
different temperature for 10 mins 
 
Figs. 6.7(a)-(d) show the BF TEM images of the post-annealed FePt 
nanocomposite films with 20%, 33%, 40% and 50% SiO2, respectively. After 
annealing at 700 °C for 10 mins, the FePt particles grew larger for all the composites 
compared to the as-deposited samples. The particle size of the post-annealed samples 
decreased with increasing SiO2 volume fraction. 
 
After annealing, some of the FePt particles in the FePt-20% SiO2 sample grew to 
10-40 nm whereas the average FePt grain size in the FePt-50% SiO2 sample increased 
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only to ~ 3.4 nm (standard deviation of 1.1 nm), as compared to 3 nm (standard 
deviation of 0.6 nm) for the as-deposited clusters. This result can be correlated to the 
kink in the M-H loop of FePt-20% SiO2 sample (Fig. 6.3). The kink might be due to 






















































Std. Dev. = 1.1
(b)
Figure 6.7 BF TEM images of nanocomposite films annealed at 700 °C for 10 




As shown in Fig. 6.7(a), even though the average grain size increased, there were 
still some small grains. However, for the FePt-50% SiO2 sample, there was no 
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obvious kink as the particle size distribution was narrower and thus the particles had 
similar coercivities (Fig. 6.3). Meanwhile, the higher annealing temperature and lower 
volume fraction of SiO2 allowed a larger degree of agglomeration of the FePt 
particles. The higher exchange coupling among the interconnected magnetic grains 
might account for the higher remanent squareness for composites with lower volume 
fraction of SiO2 in Fig. 6.5. For the sample with 50% SiO2, the remanent squareness 
was close to 0.5 after annealing at 700 °C, indicating the exchange coupling decreased 
























Figure 6.8 FePt-33% SiO2 annealed at 700 °C for 10 mins (a) SADP;(b) DF TEM 
image; (c) HRTEM image 
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In Fig. 6.8(a), the SADP of the sample with 33% SiO2 after annealing at 700 °C 
for 10 mins shows weak superlattice reflections of FePt (001) and (110), indicating  
partial ordering. The increase in ordering with annealing temperature is consistent 
with the trend of Hc vs. annealing temperature in Fig. 6.4. In the DF TEM image of 
the sample with 33% SiO2 annealed at 700 °C (Fig. 6.8(b)), all the grains were in a 
range of 3-10 nanometers and most of them were larger than the maximum size of as-
deposited clusters (5 nm) in Fig. 6.1(a), indicating grain growth of the FePt particles.  
Grain growth and agglomeration were also observed in Fig. 6.8(c). Two orientations 
of lattice fringes (shown by the white arrows) seen in a single particle suggested a big 
particle consisted of agglomerated crystallites.  
 
As discussed above, both TEM and XRD data confirmed that partial ordering, 
grain growth and agglomeration of FePt occurred after annealing at high temperature. 
These three phenomena were closely related to the SiO2 matrix.  The role of the SiO2 
matrix will be discussed in the next section. 
 
6.3.4 SiO2 as a diffusion barrier for FePt 
The increase in Hc after annealing might be attributed to both the improved 
ordering and increased grain growth. For very small cluster, the LRO was poor as 
discussed in Chapter 4. The low Ku due to poor LRO of FePt nanoparticles gave rise 
to low Hc under thermal fluctuation. The thermal energy provided by post-deposition 
annealing was the driving force for ordering and diffusion. It helped overcome the 
barrier for phase transformation and enhance diffusion process for coalescence and 
agglomeration of grains. Because the grain size of all the samples were much smaller 
than the single domain critical size for FePt (300 nm), it is reasonable that the Hc 
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increased with increasing grain size in the single domain region above the 
superparamagnetic limit.  
 
The ordering and grain growth of FePt were diffusion-controlled processes. The 
diffusion of FePt was reduced by increasing volume of the matrix as a physical barrier 
for diffusion. The decrease of Hc with increasing volume fraction of SiO2 matrix after 
post-deposition annealing can be understood by the hindrance of SiO2 in diffusion of 
FePt to achieve ordering and grain growth. Meanwhile, the increase of remanent 
squareness with decreasing volume fraction of SiO2 matrix after post-deposition 
annealing can be explained by higher degree of ordering, agglomeration of grains and 
interconnection between particles. 
 
6.3.5 Size and interface effects to degree of chemical ordering 
The very small FePt particles (high SiO2 content, 50% sample) that were studied 
in this system have very low Hc. There are few reasons as pointed out by Majetich et. 
al,152 such as prevention of transformation by strain from matrix, oxidation of particle 
surface, the existence of a size threshold for ordered particles, surface segregation, 
competition between ferromagnetic and antiferromagnetic of small L10 particles and 
kinetic limitation of transformation.  
 
Another possible reason for low Hc of small nanoparticles is the compositional 
variation between individual particles as pointed out by Yu et. al for FePt 
nanoparticles produced by solution phase method.153 The average composition of FePt 
by EDX (few µm) is close to the 50:50 but Nanobeam EDX formed on large no. of 
samples of individual particle showed distributions. Only 30% of the nanoparticles 
were within the L10 composition (40-60% Pt) while others are either Pt-rich or Fe-rich 
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which would not be high Ku materials. As the average composition is close to 50:50, 
the large particles formed by coalescence or agglomeration of Pt-rich and Fe-rich 
particles will have higher probability to have composition within L10 composition. 
The similar observation of composition dispersion was also observed in FePt 
produced by SGC (facing target sputtering), Fe-rich particles (Fe % > 60) were 
observed.154 As the sampling no. is small (36), there may also be Pt-rich particles and 
the same arguments on particles produced by solution phase method will apply to 
particles produced by cluster beam. 
 
During sintering, it is likely that two merging particles are not aligned 
crystallographically and thus the L10 phase preferentially nucleates at the grain 
boundary due to enhanced diffusion at grain boundary. This may be able to explain 
the threshold of ordering in small particle as it would be difficult to have diffusion in 
a single particle as vacancy diffusion is the only mechanism.1 5 2 The FePt-SiO2 
nanocomposite with low SiO2 volume will have higher chance of diffusion and thus 
higher chance to have L10 composition and nucleation of L10 phase. 
 
6.4 Summary 
FePt clusters with small and uniform size embedded in the SiO2 matrix were 
fabricated by SGC. Partial ordering, grain growth and agglomeration of FePt in FePt-
SiO2 nanocomposite films occurred during annealing. Higher volume fraction of the 
SiO2 matrix was effective in suppressing magnetic exchange coupling. A very high 
volume fraction of SiO2 resulted in less ordering. 
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The FePt nanoparticles were produced by SGC method. The particle size and size 
distributions were affected by the sputtering power, inert gas flow/pressure and 
cooling temperature of growth chamber (by controlling liquid nitrogen flow). The 
particles formed at higher forming temperature (-100 ºC) have small size and size 
distribution, which most of the particles were icosahedron. The particles formed at -
170 ºC were larger due to higher sticking coefficient and higher supersaturation at low 
temperature and have different microstructures such as fcc single crystals 
(cubooctahedron, cubooctahedra, truncated octahedron, octahedron and truncated 
tetrahedron/truncated bi-tetrahedron), cyclic twinning microstructures/polytetrahedron 
particles (icosahedron, decahedron, Marks decahedron, star decahedron and truncated 
icosahedron/bi-icosahedron), lamellar twinning microstructures (platelet and rod 
microstructures), defective microstructures (twin junctions and faulted truncated 
octahedron) and poly-particles (incomplete coalescence of particles). 
 
The microstructures of the FePt nanoparticles were resolved by various TEM 
techniques, namely bright field method, dark field method, HRTEM method, weak 
beam dark field method and tilting method. Some of the microstructures and the 
formation mechanisms found by other groups using SGC were resolved and explained 
in this thesis. The “single crystal” observed by Sellmyer et. al was actually an 
icosahedron. The “almost single crystal” observed by Stappert et. al was actually a 
truncated decahedron. The triangular shapes observed by Peng et. al can correspond to 
tetrahedron or triangular platelets. The platelets were not a single crystal but have 
twinned microstructure. One of the microstructures with FFT pattern similar to singly-
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twinned microstructure was actually Marks decahedron. The fcc single crystals can be 
differentiated to octahedron, truncated octahedron or cubooctahedra by viewing from 
<110> zone axis.  
 
For the formation mechanisms, they can be related to the supersaturation 
(temperature of growth chamber cooled by liquid nitrogen) and the cooling rate. If the 
cooling temperature in the growth chamber was low enough for the clusters to lose 
their energy by colliding with cool inert gas, they became solid in the growth chamber. 
If the cooling was not enough, they were still liquid before exiting the orifice and 
became icosahedron, when they were adiabatically cooled at high cooling rate as they 
pass through the orifice. If the cooling temperature was low enough in the growth 
chamber, single crystal and decahedron were formed. If the supersaturation was 
extremely high, the twinned nuclei was formed and led to platelets or rods. The 
particle microstructures were found to be controlled by kinetics rather than 
energetics/thermodynamics. 
 
For fcc single crystal, the coordination number at {100} is 4 while at {111} is 3, 
the {100} plane outgrew and the particles became octahedron with majority {111} 
facets. If there were some grooves, this growth mode would be obstructed and {100} 
did not outgrow {111} and led to cubooctahedra. For the twinned nuclei, the reentrant 
corner or substep was the preferential nucleation site as the coordination number is 4 
compare to 3 for normal {111} sites and thus particle grew faster laterally 
(anisotropic). For the decahedron, the reentrant corner grew faster and lead to the 
Marks decahedron that is also thermodynamically stable. The growth of large MTP 
was not energetically favorable due to large strain incorporated and star disclination 
would release the strain and lead to star decahedron. The asymmetric decahedron as 
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observed by Stappert et. al may be explained by the sequential twinning mode of 5-
fold particles. The decahedron to fcc transformation may go through an intergrowth 
from two 5-fold particles.  
 
L10 FePt is a potential candidate for magnetic recording. To produce the L10 
phase in the gas phase, an on-line annealing setup was used and the effects of on-line 
annealing were investigated using XRD, TEM and AGFM. From the magnetic and 
microstructural data, the degree of chemical ordering was not high. The possible 
explanation was that the inefficiency of nanoparticles of this size to absorb the heat, 
and icosahedron particles to go through transformation from liquid (melting) into 
decahedron or fcc, which competed with the ordering process. There were some 
concerns on the possibility of forming L10 FePt cubic nanoparticles . 
 
Lastly, to use the L10 FePt for practical application, the granular films where 
particles embedded in matrix was produced. The Hc of the films was greater than 10 
kOe. However, the films did not have good easy axis orientations. The coercivity was 
found to be affected by the FePt particle size, the volume fraction of the matrix, the 
degree of chemical ordering and exchange interaction. These were affected by  the 
annealing temperature and time.  By selecting suitable annealing time and 
temperature, the magnetic properties and the microstructures of the FePt could be 
tailored. 
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